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Abstract

Rhyolitic eruptionsarecommonlysourced fronsilicic caldera systemanddisplaya great variety

of eruptive styles and magnitudes, ranging from the extrusion of lava domes to catastrophic
calderaforming eruptions The different types of eruptismssociated with rhyolitic volcanism

can result in severe impacts to the environment and society, vamgingfiocal to a global scale.

Yet, due to their typically longer recurrence times compared to volcanic events of less evolved
magmaspnly a very limited number of rhyolitic eruptions have be&esumented in historical
accounts or recordethrough geophysal monitoring This lack of direct recorddimits the
current understanding of the mairocessesontrolling the dynamics ahyolitic volcanism and

hindersthe construction of robust eruption scenarios.

This studypresentsnew insights into the eruptivieehaviour of rhyolitic eruptions using the
Kaharoaeruptionfrom the TaupAVolcanic Zone (TVZ)of New Zealandas a case study. The
TVZ is one of the most frequently active regions of rhyolitic volcanism on Earth willBize:12

CE Kaharoa eruptiobeing the most recent rhyolitic eventthe TVZ This eruption issourced

from multiple vents along the Tarawerantk complex, within the Okataina caldeggstem and
erupted up to 9 kiof magmaBy investigating the Kaharoa pyroclastic successhia research
contributes to constraimg thekey factorscontrolling the dynamicef moderateto largescale
rhyolitic eruptions occurringn intra-caldera settings. The approach used in this research
combines geological field investigations and quantification of the sedimentological and
componentry characteristics of the deposits with the analyses of-slagldeaturege.g.,bulk

density and textures of vesicles in pumice c)asts

Field-stratigraphic relationships of 24 lithostratigraphic units for the Kaharoa deposit elucidate
the intraeruption chronology, placingime constraints orthe numerous discreteexplosive
episodes while revaluating previous stratigraphic schemes. Froariations within the
stratigraphyin sedimentary structures, grain size and particle cowofahie pyroclastic bedsn

array of deposit typeis identified and linked tegemporalchanges irtransport and depositional
patternsas well aeruptive styles. Fivelistinctexplosive eruptive phases astablished for the
Kaharoa eruptionThese includenultiple phases ofepeated subpliniatype, falkdominated
episodesalternating with phases characterisedolvgrall sustained pyroclastic density currents
and episodes of ash emission. A fiaadth phaseplacesthe main lava dome building sequence

within the proposed reconstruction and eruption model

Following constraints on the eruption from fieddrived data, min-depthinvestigation of the
Kaharoa pumice microtextures is performaging Scanning Electron Microscgpwhich

revealeccomplex and anisotropigesicle texturesTo characterise thebsewedcomplex vesicle



featuresof the Kaharoa pumicea methodology is developgatoviding guidelines for the 2D
guantification of tubdike vesicles. The integration and interpretation of the pumice textural
results along the stratigraphic sequence indicates tham#ie processeshat regulatethe
evolution of the magma during ascent in $hallow conduit region ammagma shearing, bubble
coalescence and outgassinthese factors provide bounding conditions for magma ascent
dynamics and indicate cyclical variation in the eruption behaviutthermore, bycombining
textural, sedimentologitand componentry data, this study suggests that the inferregithiped
geometry of the conduit, together with coneeent wall instabilities,are primary factors in
controlling: (i) the intrinsic responses of the magma to ascent and decompressmsuddbe
and (ii) the characteristics of the ejected-ggoclasts mixtures, influencing the transport
sedimentation regime. The dynamic magmoaduit interrelationshipsiltimately govern the
changes in eruptive styles and overall dynamics of the Kaleaupion.

This research defines a framewad<elate depositional and textural characteristics to eruptive
processesnd provides critical insights into the typef eruptive sequence and eruptive style
changes of intr&galdera rhyolitic eruptionsThe enario depicted for the Kaharesuption
highlights the complex episodic, mufihase, explosive to dorferming nature of dikded
rhyolitic eruptions Furthermore, it provides crucial informatidor scenariebased volcanic
hazard assessments of a Kahaxgee eruption at Okataina amatlotherrhyolitic centres within

the TVZ. Finally, comparingwvith available datasets frorather volcanic eventsf similar
magnitudes, magma composition, and geiokigsettings, this research suggests that this type of
rhyolitic eruption behaviour is common at other silicic caldera systems worldwide, making it of

great relevance for future volcanic hazard studies.
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TVZ. Inset shows position of the TVZ in the North Island...............oevvviiiiceciiiiiiiiieeee e, 23

Figure 2.1 +Aerial view of the Okataina Volcanic Centre. © Institute of Geological & Nuclear Science
Limited 2002. The photo is the front cover of Nairn (2002) and was taken by D.L. Homer. The photo is
reproduced here with their permission anddified to add descriptions of main volcanological features of
the centre. Dashed black line is approximative border of the OVC. Location of the IAVCEI 2023 Scientific
ASSEMDIY IS @ISO SNOWIL.......ii i e e e e e e eeenr e e s e e e e e e e eeenaanees 27

Figure 2.2 +(a) Map of the OVC showing topographic margifi¥&ataina caldera system, including the

main Okataina caldera structure, subsidiary basins, and the inferred position of the Okataina Ring Structure,
after Nairn (2002). White lines represent the approximate length and width of the tvabp@slineamets

of eruptive vents. Vent locations associated with the eruptive activity from Haroharo and Tarawera dome
complexes are also shown. (b) is modified after Fig. 3b of Cole et al. (2010) and shows location and
JHRPHWU\ RI WKH 29& ZLWK IUQ] RVKXHH" 2NHD\W B Q @/DRIWBLBR.QWNH HW D O

Rl WKH 7DXSA 5LIW 'DVKHG WKLQ EODFN OLQHV GLVSOD\ WKH LQI
the south) and Whakatane (to the north) rift segments into OVC, which broadly correspmndancharo

and Tarawera VENT INEAMENTS ... ......uui ettt e e e e e e e e e rmmne e e e e e e e e e e e 29

Figure 2.3 tFigure 2 of Cole et al. (2010) showing the main Okataina caldera topographic borders and
spatial distribution and ages of the intaldera and peripheral lava dome complex, with eruptive vent
locations. Inset shows negative gravity anomaly (contours in MmGals)............oeevvvvvimemeeeeevinnnennnnn. 30

Figure 2.4 £Map of the pos25 ka intracaldera rhyolitic lavas and domes of the OVC, modified after
Villamor €t @l. (2007)......cie e et s e e e e e e e e e eeeee e e e e e e e eeantnnn s e s s emnnnnnseeeeeaesesessssnennnns AL

Figure 3.1 HMap of the OVC showing topographic settings,dsos of the Okataina caldera and subsidiary
basins (Puhipuhi basin, Okareka and Rotoma embayments) and approximate margins oft¢h&laraa
Haroharo and Tarawera dome complexes. Location of eruptive vents active at the OVC during the past 25
kyr alongthe Haroharo (HVL) and Tarawera vent lineaments (TVL) are also shown. The OVC structural
features and borders of neighbouring calderas are drawn following Nairn (2002). The inset shows tectonic
settings of the southern Hikurarigermadec (HK) subduction mgin and locations of the OVC in the

TVZ within the North Island of New Zealand................ueuiiiiiiiiceeiiiiiiiiiieecce e 52

Figure 3.2 Ha) Photo of Mt Tarawera with the three summit domes emplaced during the Kaharoa eruption
(Wahanga, Ruawahia and Tarawera). The photo is taken from the N&/ashiake Tarawera. (b) Map of

the Tarawera dome complex with the distribution of lavas (following Nairn, 2002) erupted during the four
rhyolite eruptions that built the dome complex. W, R, CD and T indicate Wahanga, Ruawahia, Crater and
Tarawera domes (@ter dome is buried beneath Ruawahia and Tarawera domes). Stars show the locations
of the inferred seven vents active during the Kaharoa eruption (following Nairn et al. 2001). The vents are
numbered from SW to NE (no temporal order is implied): 1 is Gtedee Plug vent, 2 is Tarawera dome

vent, 3 is Crater dome vent, 4 is Ruawahia dome vent, 5 is Ruawahia crater vent, 6 is Wahanga dome vent
and 7 is Northeast crater. The white arrows indicate the distributions of the Kaharoardedh flow
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Figure 3.3 tDistribution of the Kaharoa fall deposits in the North Island of New Zealand showing isopach
map of the deposits total thickness (in cm) redrawn after SahEtagsl et al. (2014). Individual fall
deposit isopach maps are reported in Sahefaql et al. (2014). Inset show the distribution of the visible
distal limit of the Kaharoa deposit reported as3-dm isopach (Pullar and Birrell,1973).................. 57

Figure 3.4 £Shaded relief map of the studied area with locations of the investigtea¢igraphic sections.

Stars indicate the position of the Kaharoa eruptive vents inferred by Nairn et al. (2001), with the yellow
start marking the position of Ruawahia vent. The shaded relief map and drainage system of the studied area
are obtained fronband Information New ZealandLINZ, data component of the Topo50 and Topo250

map series (MtPS://data.liNZ.gOVE.IZ) .........oeiiiiiiiiiii et 59

Figure 3.5 tField photos of the studied pyroclastic succession. (a) Panoramic view of the Kaharoa deposit
at reference section 2 (Fig.4), at 6.7 km south from the vent. (b) Zoom on section 2. (c) Reference section
24 (Fig. 3.4), at 7.4 km north from the vent. Subdivision of the deposit in units (Al to BS) is indicated in
(b) and (c) (spade is 1 m long in both sections). Note erosjutigl at the contact between units A3 and

e PP PSRRP 64

Figure 3.6 tRepresentative field photos showing the different deposit features of the Kaharoa units at key
sections in proximal and medial sites (refer to Fig. 3.4 for location of outcrops). Solid redhtireege

sharp and erosive units contacts; solid black lines indicate sharp unit contacts with non to minor
erosion/reworking; dashed black lines indicate gradual unit contacts; bold, black lines indicate the basal
contact of the Kaharoa deposit. (a) Maedapilli unit L3 at S18 (S=stratigraphic section) south form the
vent, overlain by the laterally discontinuous ash unit A4. Note the characteristic features of the top bed of
unit A3 in proximal sites having plargarallel to crosslaminations (see alsband g) with few laminae

being oxidized. (b) Massive lapilli unit L7S at S28, east form the vent. (c) Weakly stratified lapilli unit L5
at S1, south from the vent. (d) Stratified lapilli unit L6 at S18, south from the vent. The poorly sorted ash
beds wihin L6 deposit have a limited distribution and rapidly fade away from the vent. (e) Stratified lapilli
unit L4 at S2, south from the vent. (f) Deposit features of unit A3 at S2, with alternation of massive, fine to
coarse, ash beds. Note the-sipe scoursn top of A3 (see also digize erosional gullies at AB3 contact

in Fig. 3.5). (g) Characteristics of A3 at S18. (h) Massive lapilli unit L1 at S2 south from the vent and
gradual contact with overlaying massive fine ash unit A2. Note the increase asfir@ntent on the top

part of unit L1 towards the contact with A2. Basal contact of the pyroclastic succession and underlying P
layer and soil are also shown. (i) Top ~3 m of S18, south from the vent with proximal facies of unit A7
lapilli-bearing ash gmsits. Note the alternation between massivethiok lapilli-bearing ash beds with
dispersed carbonised tree logs and the massive telarogsated mediunto-fine, ash beds. Lapilli lenses
within A7 are indicated with thin dotted black lines. Unit ADigerlain by the laterally discontinuous unit

All and the coarse ash unit Af. The base of the BAF deposit of unit BS is exposed at this section. BS is
separated from the underlying units by a thin red, oxidized ash layer. (j) Massive coarse ash utfie Al at
base of the Kaharoa deposit at S17. (k) Zoom on the variably consolidated unit A8 at S26, north from the
vent, showing distinctive very fine ash beds (bottom and top) andstrasified, coarser ash beds (middle).
Additional field photos are reportéa APPENIX A......ooeeiiiiiiiieie e eceeere e 71

Figure 3.7 + Reconstructed stratigraphy and proposed unit subdivision of the Kaharoa pyroclastic

succession. The composite stratigraphic log illustrates the stratigraphic relationship between units and
summarized the main sedimentologi@lQ G OLWKRORJLFDO IHDWXUHVY RI LQGLYLGXDO EHG
representative of main unit differences, and it is not to scale. For each unit the associated deposit type is

indicated as follow: ML is massive lapilli deposit;-&L is stratified apilli deposit; 3MCA is massive

coarse ash deposit;MFA is massive fine ash depositjdA is laterally discontinuous, ash deposi. iBA

lapilli-bearing, astsupported deposit;-VcA is variably consolidated ash deposit. Solid red lines indicate

sharpand erosive units contacts (A3 and L6A7) and contacts marked by thin laterally continuous,

oxidized ash layer (ABS); solid black lines indicate sharp unit contacts with non to minor reworking;

dashed black lines indicate gradual units contacts. &t &G LFDWH UHFRQVWUXFWHG XQLW FRQWDF
correlation among different outcrops. All other unit contacts have been directly observed in the field. Grain

size and sorting based on visual estimations on the fieftheé; M #medium, Ceeoarse and Bbomb; wst

well sorted, mamoderately sorted and EEOOrY SOMed..........oovviiiiiiiiiiiiii e, 77
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Figure 3.8 tIsopach maps of individual ash units (thickness in centimetres). Black solid lines represent
well constrained isopachs, while black dashed lines represent tentative isopaetisoh the available
thickness data of this study. Thickness measured at each stratigraphic section (value next to black dots) is
also reported; tr indicates sections where the unit is found as trace. Blue stars indicate the inferred positions
of the Kahaoa eruptive vents after Nairn et al. (2001), while the area occupied by the Kaharoa lava domes
SR glle]llTe g c=To MTa o] g a o= PP PP PP PP PTRPOPPPPPPPOt 80

Figure 3.9 #lsopach maps of individual lapilli units (thickness in centimetres). Black solid lines represent
well constrained isomds based on the available thickness data of this study, while black dashed lines
represent tentative isopachs. Thickness measured at each stratigraphic section (value next to black dots) is
also reported; tr indicates sections where the unit is foundes. tisopachs from SahetaBygel et al.

(2014) are shown as red dashed lines for equivalent stratigraphic units (refer to Table 3.1). Blue stars
indicate the inferred positions of the Kaharoa eruptive vents after Nairn et al. (2001), while the area
occuped by the Kaharoa lava domes is highlighted in orange...........ccccvvvvvieericiciiiiniiiiieeeeeeeee e 82

Figure 3.10 xPhotograph of section 21 at ~15 km from the vent along the Tarawera river floodplain (see
Fig. 3.4), showing deposit features of interpreted RV deposits (RV1 and RV2) and pyrodias#@uand

L8 at the bottom of the section. A medium ash bed at the top of RV1 is tentatively correlated with unit Af
at more proximal sites. Spade 1 m long. Peat horizon might represent accumulation of organic material
(e.g., leaves) from the surroundjrmartially buried, vegetation.............ccccooouvivieeeiee e B84

Figure 3.11 xStratigraphic correlations of Kaharoa units among selected key sections (S) along four
GLITHUHQW WUDQVHFWY LQ ERWK 6 DQG 1 VHFWRU 1RWH WKDW \
Reliable corelations are marked with solid black lines, while few tentative correlations are marked with
GDVKHG EODFN OLQHV ,QVHW VKRZV WKH ORFDWLRQV RI NH\ VHF
"'« UHODWLYHO\ WR WKH .DKD WRD(S@ErR fhid Yello@ Btar hhditardithe @i@réncy

vent for SOUrCE0-OULCIOP AISTANCES) ... ..uuiiiiiiiiitiiiie ettt e bt eeame et e e e s bt e e e e semnee e 86

Figure 3.12 +Grain size characteristics of units at reference sections 2 and 24. (a) Stratigraphic logs of the
two sections with position and ID of samplesg., K100). T1886 in section 24 indicates scoria deposits
from the 1886 CE Tarawera eruption. (b) Variation with stratigraphic height in median diametérafidd
VRUWLQJ F R}bflindividdaDbads 4ampled within each unit. (¢) Selected graadistributions
organized by deposit type (symbol on top left corner of each histogram): massive lapilli deposit (light grey
circles); stratified lapilli deposit (dark grey circles); massive coarse ash deposit (white circles); massive,
fine ash deposit @k grey squares); laterally discontinuous, ash deposit (yellow triangles):tegziling,

ash deposit (red triangles); variably consolidated ash deposit (blue diamands).............ccccceeennee. 88

Figure 3.13 tResults of grain size analyses of representative samples anailythéviiork plotted as (a)

median diameter (M YHUV XV VRUWL®and+R ld3 Welght de@éambple <1 mm (F1) versus
ZHLIJKW RI VDPSOH P ) '"HSRVLW W\SH RI LQGLEMLIEEXDO VD
massive lapilli deposit (ligt grey circles); ZSL is stratified lapilli deposit (dark grey circlesyMICA is

massive coarse ash deposit (white circles)HA is massive, intefapilli, fine ash deposit (dark grey
squares); 8dA is laterally discontinuous, ash deposit (yellow ngkes); 6LbA lapilli-bearing, ash

supported deposit (red triangles)y@A is variably consolidated ash deposit (blue diamaonds)........ 89

Figure 3.14 tRepresentative clasts photographs of juvenile (a to f) and lithic (g and h) materials of the
Kaharoa deposiia) white pumice; (b) grey pumice; (c) obsidian; (d) dense juvenile: (e) banded pumice;
(f) basaltic material as free clasts and coated with pumice; (g) lava fragments with variable degree of
oxidation: (h) hydrothermally altered clasts. White and blaekesisars are 1 cm long in each pictur@5

Figure 315 +Componentry characteristics of units and variations in the relative abundance of different
components with stratigraphic height at reference sections 2 (a) and 24 (b). In (c) are reported thesvariatio
in the relative abundance of obsidian and total lithic (lave fragments + hydrothermally altered clasts)
through the reconstructed whole pyroclastic SEQUENCE..........cccuvuuriiimemin i e e eeeseeneeeees 98
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Figure 4.1 +SEM-BSE images at 50x magnification of the three different Kaharoa pwesicle textures
investigated in this study. Top images are from thin sections parallel (PA) to main vesicle elongation and
bottom images are thin sections orthogonal (OR) to main vesicle elongation..............cccceeeenees 131

Figure 4.2 +Shape variation captured by the shapmupeeters used in this study. The eleven hypothetical
vesicle geometries are reproduced from Moitra et al. (2013). See text for more details and equations of
individual Shape ParamMeteIS...........coiiiiiieeee s s e e s e e e es s e ab e re s eeeeeeessnnnsssneressnnneeees 136

Figure 4.3 +(a) Relationship between Aspect Ratio (AR) and Defdiona(D) parameters, with
nomenclature for elongated vesicles used in this study: subspherical (AR =1 to 1.5 and D = 0 to 0.2),
elongated (AR =1.5to 5and D = 0.2 to 0.67), very elongated (AR =5 to 10 and D = 0.67 to 0.82), extremely
elongated (AR = 1€ 100 and D = 0.82 to 0.98) and thrdi&e vesicle (AR > 100 and D > 0.98). Schematic
example of vesicles at different elongations are reported in the graph (AR = 1.5, AR =5, AR = 10, AR =
50 and AR = 100). To the right side, two SEB&E images at 200magnification (processed and binarized)

from PA (b) and OR cuts (c) are reported for comparison, with mean values of AR and * standard deviation

Figure 4.4 tBoxplots of the 2D vesicle shape parameters quantified from images acquired at 20x, 50x,
100x and 200x, along two mutually perpendicular thin sections (PA and OR to main direction of vesicle
elongation) in the three vesicle textures analysed: (a) Type 1, (b) Type 2 and (c) Type 3. The shape
parameters are dimensionless and are indicated as ICutadty, R = regularity, SF = shape factor, D =
deformation, E = eccentricity and FLT = flatness. C, R and SF measure the complexity of the 2D vesicle,
while D, E and FLT measure the elongation of the 2D vesicle. See text for shape parameters egdations
examples in Fig. 4.2. Inset in each graph indicate the number of vesicles analysed (N), the number of images
taken (in brackets) and the vesicle size range (VSR, in mm) per each magnification................ 140

Figure 4.5 tFrequency distributions of the Deformati¢D) (vesicle elongation) and Regularity (R)

(vesicle complexity) parameters among the vesicle texture types 1, 2 and 3 from both PA and OR cuts to
main vesicle elongation. The distributions resulting from the images acquired at 20x, 50x, 100x and 200x
arereported in different colours (grey, blue, yellow and orange, respectively) in each graph for comparison

Figure 4.6 +Variation in vesicle AR with vesicle size among the three texture types. To simplify data
visualization, upper limits for both vesicéize and vesicle AR are set in each graph to contain >95% of
vesicles analysed. For maximum AR values see Table 4.3. Vesicles tend to maintain steady AR for size

Figure 4.7 £Variation in 2D vesicularity (corrected for crystal contemith image magnification and thin

section orientation among the three texture types, type 1 to type 3. Values in brackets indicate the average
of 2D vesicularity across all the magnifications per thin sections. Error bars are reported as standard
deviationfrom the results of images at the same magnification.............cccveiiieeceiiniiiee e, 145

Figure 4.8 £tNA-VSDs. Vesicle number density per area (NA) as a function of vesicle size (expressed as
the diameter of the circle of equivalent area) for the three texture types and thin sec{ianand (b) are

type 1, PA and OR cuts, respectively; (c) and (d) are type 2, PA and OR cuts, respectively; (e) and (f) are
type 3, PA and OR cuts, respectively. The plotted NA are per melt area as they are corrected for crystal
content of individual imges. In each graph, NA vs vesicle size plots resulting from the images acquired at
20x, 50x, 100x and 200x magnifications are displayed in different colours (grey, blue, yellow and orange,
respectively) for comparison. The average NA calculated acrosgdadi magnification are reported in

each graph. Note the change in thaxys scale from PA t0 OR CULS............coooiiiiiiiiiinn s 146

Figure 4.9 +AreaVSDs. Vesicle size distributions per melt area (corrected for crystal content) of images
acquired at 20x (grey), 50x (blue), 10Qrellow) and 200x (orange) magnifications. VSDs are plotted for

the three texture types and two thin section cuts: (a) and (b) are type 1, PA and OR cuts, respectively; (c)
and (d) are type 2, PA and OR cuts, respectively; (e) and (f) are type 3, PA anat<OQRespectively.

Vesicle size (diameter of the circle of equivalent area) are reported across 30 geometric bin size classes
(geometric bin factor is 100.1, see text for detail) from 1.84 um (diameter of smallest vesicle analysed)



Figure 4.10 +Comparison of vesicle shape and size distributions obtained from the combination of 20x
and 200x images (dark grey) and obtained from the combination of images at all magnifications used in
this study (light grey), 20x, 50x, 100x and 200xxfTee type 2 is used as an example for the comparison,
where (a) and (b) are vesicles shape and size distributions from the PA cut, while (¢) and (d) are from the
OR cut. Boxplots of shape parameters report median, interquartile range and min and niers (outl
excluded). The aredSDs are per melt area express the vesicle area fraction as a function of vesicle
equivalent circular diameter in 30 geometric bin size classes. The total NA resulted from the two
magnification combinations are reported in (b) éfidfor PA and OR cuts, respectively................. 153

Figure 4.11 xComparison of vesicle shape and size distributions obtained from the minimal decoalescing
approach (Approach 1) and from the maximal decoalescing approach (Approach 2) for images of texture
type 2 in FA (a and b) and OR (c and d) cuts. See text for more details on the two image editing approaches

Figure 5.1 +(a) Map of the OVC showing topographic settings, borders of the Okataina caldera and
subsidiary basins (Puhipuhi basin, Okareka and Rotontmyments) and approximate margins of the
intra-caldera Haroharo and Tarawera dome complexes (dashed lines). Triangles indicates active eruptive
vents during the past 25 kyr of the centre, along the Haroharo (HVL) and Tarawera vent lineaments (TVL).
Structual features, caldera border and vent location are drawn following Nairn (2002). Inferred vents active
during the Kaharoa eruption are indicated with red triangles following Nairn et al. (2001). The inset displays
the tectonic settings of the southern HikogiKermadec (HK) subduction margin and locations of the
2NDWDLQD FDOGHUD 2& LQ WKH 7DXSA 9ROFDQLF =RQH 79= ZL
Zoom in the Tarawera dome complex with distributions ofiabaroa and Kaharoa lavas (following

Nairn, 2002) and locations of the outcrops sampled for this work (white dotes). RV indicates position of
RUBWANIA VENL......uiiiiiiiiiiiiieei ettt e e e e e e e e e e e e s e eeee e e s e s e s e e s s eenbeeseennsnnnns 164

Figure 5.2 +Representative Kaharoa pumice clast typologies according to their vesicle surface textures:
(a) microvesicular heterogeaus pumice (MHP) and (b) tube pumice (TR)......cccccviiiiiiiiiaacernnns 174

Figure 5.3 +Relative frequency of MHP (orange) and TP (blue) clasts in the studied units in upward
succession along the stratigraphic sequence. Pumice type frequency is measured from clasts3ia the 16
mm grin size interval. (b) and (t) in units L4 and L8 indicate samples collected from the bottom and top
parts of the UNItS, reSPECHIVEIY. .......ccoiieeeee e eere e emrn e e e e e e e 175

Figure 5.4 +Bulk density distributions of pumice clasts in the investigated units from the Kaharoa deposit.
White punice and grey pumice clasts (the latter occurring only in unit L7S, L7N and L8) are indicated in
light and dark grey, respectively. Graphs are in stratigraphic order from left to right panels. Two blue dashed
lines at clasts densities of 1000 kg/m3 and 1&00n3 (corresponding to bulk vesicularity of 58 and 36%,
respectively) are reported in the figure to facilitate comparison between.units............cccccvveeeeees 177

Figure 5.5 +Bulk density distributions for MHP (orange) and TP (blue) clasts from the entire pumice
sample colletons (~1300 ClastS iN tOTAL)..........ueiieiiiiiiii e 178

Figure 5.6 +Bulk density distributions for lava dome fragments collected from béoakash flow units
BS (light red) and BN (dark red) and for obsidian pyroclasts (OBS in black) collected from unit L3 and A7

Figure 5.7 tRepresentative SEMBSE images at 20x and 100x of vesicle texture type 1 in MHP clasts.
(a) to (f) and are taken from PA cuts (parallel to main direction of vesicle elongation), while (g) to (I) are
taken from OR cuts (perpendicular to mairedtion of vesicle elongation). Dashed line in (c) shows the
sharp boundary between texturally different domains having deformed (left in f) and undeformed vesicles
(Lo LT T TR 181

Figure 5.8 tRepresentative SEMBSE images at 20x and 100x of vesicle texttype 2 from TP clasts.
(a) to (d) are taken from PA cuts (parallel to main direction of vesicle elongation), while (e) to (h) are taken
from OR cuts (perpendicular to main direction of vesicle elongation)................ocoooeccee e 183
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Figure 5.9 +Representative SEMBSE imagesta20x and 100x of vesicle texture type 3 from TP clasts.
(a) to (d) are taken from PA cuts (parallel to main direction of vesicle elongation), while (e) to (h) are taken
from OR cuts (perpendicular to main direction of vesicle elongation)..............cccccvereeiiicicnnnnns 184

Figure 5.10 tExamples of vesicle coalescence features from % images at 200x from OR cuts of

TP (a and c) and MHP (b and d) clasts. Red arrows indicate thinning of the glass walls separating adjacent
vesicles prior to rupture and coalescence, with the thin waligng from planar to curvilinear; Blue and

yellow arrows indicate retraction and wrinkling, respectively, of glass walls after rupture. Scale for all
images is reported at the bottom of (C) @Nd.(d)........c.vvvreeeiiiiee e 185

Figure 5.11 +Representative SEMBSE images at 50xnd 200x of vesicle textures type 1 from MHP

clasts (a) and type 2 from TP clasts (b) for the studied units along the stratigraphic sequence. For the same
sample within a unit, both textures from PA and OR cuts are shown. Scale for each image is ingdizated b

red bar on the bottom right corner, having length of 1 mm and 150 um for 50x and 200x images,
(TS 01T o 117 PSSP 186

Figure 5.12 +(a) Variation of the total vesicle number density per unit area of melt (NA) of white pumice
clasts along the stratigraphic seqce. Total NA are reported as average results from type 1 texture
(orange) and average results from type 2 texture (blue). (b) and (c) show the distributions of NA as a
function of vesicle size (equivalent diameter in um) for type 1 texture and for2typeture among the
different Kaharoa UNITS..........oooo oo ere e e e bbb e 139

Figure 5.13 +Vesicle size distributions as area fraction vs vesicle equivalent diameter (in mm) for white
pumice clasts from fall lapilli units (L1 to L8) and the PDC unit A7 of the Kaharoa stratigraphiglé/e

size distributions are obtained from sets of 200x images from OR cuts of three clasts per each unit. Results
are corrected for crystal content and normalized for the average 2D vesicularity (value in % on the top right
corner of each graph). Vesidéee distributions are plotted as average results from type 1 texture (orange),
average results from type 2 texture (blue) and as average results from type 3 textures (dark grey). Two black
dashed lines at vesicle size 0.009 and 0.09 mm are reporteditatétacomparison between units in each

Figure 5.14 +Cumulative vesicle size distributions of white pumice clasts as a function of vesicle number
density (number of vesicles per unit area of melt larger than a given vesicle diameter L,dbftapdn

vesicle area fraction (right panel), corrected for crystal content. Vesicle number densities and area fraction
for the different Kaharoa units are plotted as average results from type 1 texture (a and b), average results
from type 2 texture (c and) and as average results from type 3 (e and f; only units L5 and L7N). For
comparison, orange and blue fields in e and f represent ranges of cumulative size distributions for type 1
AN TYPE 2 LEXEUIMNES ...ttt ettt rmee ettt e e e e aeb bttt e e smmme e s e s bt e e e e e anebb e e e s 191

Figure 5.15 *Vesicle sizedistributions as area fraction vs vesicle equivalent diameter (in mm) for grey
pumice clasts in unit L7N for type 1 (a) and type 2 (b) textures. Results are corrected for crystal content
and normalized for the average 2D vesicularity (value in % on theégiojpcorner in a and b). Cumulative
vesicle size distributions as number densities (hnumber of vesicles per unit area of melt larger than a given
vesicle equivalent diameter L) and vesicle area fraction are reported in ¢ and d respectively, for tighe 1 (so
black line) and type 2 (dashed black line) textures. Orange and blue fields in ¢ and d represent ranges for
type 1 and type 2 cumulative size distributions from white pumice clasts in the analysed Kaharoa units

Figure 5.16 tDistributions of the vsicle shape parameters quantified from white pumice clasts among the
investigated Kaharoa units along the stratigraphic sequence. Boxplots show median and quartiles. Results
are from type 1 texture (a) and type 2 teXIUrE.(D).....ccuuurruriiiieiiieeeiiiie e 196

Figure 5.17 +Phenocryst aatent and crystabesicle interactions in SENMBSE images of white (a and b)

and grey (c) pumice clasts. The main crystal phases are indicated as plg, gtz and bt for plagioclase, quartz
and biotite crystals, respectively. Arrows in (a), (b) and (c) indieasenples of tube vesicles bend in the
proximity of crystals (red arrows), vesiculation of equant vesicles around crystals (yellow arrows) and
formation of large cavities around crystals (DlU@ arroWS).........cooiuiiiiiiieecen i 198
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Figure 5.18 +SEM-BSE images of obsidian pyroclasicrotexture from unit L3 (a, b, ¢ and d) and from

unit A7 (e, f, g and h). Images are taken at 20x (a, b, d and €) and at 50x (c, d, g, and h). gtz, pl, bt and ox
in (e) indicate abbreviations for quartz, plagioclase, biotite and oxides (titanomagmoeyisédls,
respectively; the same mineral assemblage is found in the remaining pictures...........ccccvveeeeenes 200

Figure 5.19 xConceptual model of magma ascent in the conduit through time and origin of different
microtextures observed in this study. The conduit width is reddte, and sizes of bubbles are exaggerated.

(a) Schematic representation of the evolution of the bubble fraction within the ascending magma column
in the conduit at progressively shallower levels and associated sequential and overlapping processes (i to
v). (b) Schematic representation of magma in the conduit approaching and at fragmentation (vi) during
explosive events. The figure shows variation in magma ascent velocity laterally across the conduit leading
to the development of areas at different shééthin the central region of the conduit, magma shearing

and bubble deformation is localized in narrow zones. Towards the marginal regions of the conduit, the
magma experiences high and pervasive shear with formation of networks of tubular bubbleseNear th
conduit walls, longer residence time and efficient outgassing promote collapse of tubular bubbles and
magma densification. This model is proposed to explain the origins within the conduit of the different
microtextures (indicated by the arrows) observeithe later erupted juvenile pyroclasts. SB@E photos

are reported as examples; MHP is microvesicular heterogeneous pumice, TP is tube pumice, and DJ is
JENSE JUVENIIE CIASLES. ....cci ittt ettt e et e et e e e e e e s bbb e e e e e e neees 207

Figure 520 +Combined pumice textures and componentry changes throutjteatuption stratigraphy

(i.e., time) within the studied units. (b) and (t) in units L4 and L8 indicate samples collected from the bottom
and top parts of the units, respectively. (a) Relative frequency of MHP (orange) and TP (blue) clasts. (b)
and (c) réative abundances of dense juvenile (DJ, grey), obsidian (black) and lithic clasts in componentry
analysis (expressed in weight percent) at sections 2 and 24. Obsidian clasts in unit A7 is up to ~27 wt.% in
section 28. (d) Proportion of obsidian to It@asts.............ooevrviiiiiiiicc e 211

Figure 521 +Schematic model illustrating the main changes through time in shallow conduit dynamics
and eruption styles with examples for Phases B to C. Development of a laterally stratified magma
approaching fragmentation follows Fig. 5.19,tlwilight grey indicating the source area of later
microvesicular heterogeneous pumice clasts (MHP), dark grey indicating the source area of tube pumice
clasts (TP), and blue indicating the source area of dense and outgassed magma forming dense fiisenile cla
(DS) and obsidian plug/clasts (OBS). The fragmentation level is kept at the same depth for visualisation
purposes; however, it is noted that the depth of the fragmentation zone likely varied during the eruption
sequence (e.g., deepening of the frageu@mt depth is expected during L4, L5 and L6 episodes). (i) onset

of Phase B is characterised by the disruption of a previously formed obsidian plug obstructing the conduit
vent system, with obsidian clasts being incorporated in the L3 column. Efficearing of the conduit
ensures steady mass discharge rate and stable column leading to deposition of massive lapilli fall deposits.
(i) Conduitvent instabilities result in repeated wall collapses an incorporation of a higher proportion of
lithic clasts inthe L4, L5 and L6 plumes, favouring a shift from stable to oscillating eruptive columns and
deposition of stratified lapilli fall deposits. Continued partial outgassing during Phase B leads to magma
densification at the conduit walls and production ofsgerjuvenile clasts at fragmentation which further
impacted the L6 column stability. (iii) The protracted and efficient magma outgassing, and slower ascent
rates culminate with the formation of a second obsidian plug, resulting in a pause in the ertpténb
phases B and C. (iv) Phase C starts with the disruption of the second obsidian plug by the ascending and
degassing A7 magma within narrower conduit, leading to an elevated production of TP clasts upon
fragmentation. Widening of the vent during eiaptfavours slower exit velocity of the gagroclast

mixture and incorporation of a larger proportion of obsidian clasts. These processes triggered the shift from
buoyant plume to boilingver conditions and production of PDCS..........cccccviiiiiimennn s 217

Figure 6.1 +Schematic representation of the Kaharoa eruption model and magma dynamics in the conduit.
(a) Composite stratigraphic log of the Kaharoa pyroclastic succession with lithostratigraphic units and
eruptive phases. The log is not to scale; however, it givdisation on the mean deposit gain size

(horizontal axis; finer to coarser is left to right). The colour of each unit in the log are coded according to
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their deposit type with: 1ML = massive lapilli deposit, 2SL = stratified lapilli deposit, 3MCA = massive
coarse ash deposit, 4AMFA = massive, fine ash deposit, 5IdA = laterally discontinuous, ash deposit, 6LbA
lapilli-bearing, astsupported deposit, 7vcA = variably consolidated ash deposit; BAF indicates deposit
from blockandash flows.(b) Schematic visualiion of the seven aligned vents (triangles; positions of
vents follow Nairn et al., 2001) active (red triangles) during the eruption, with main distribution of the
pyroclastic deposits associated to each eruptive phase. Vent numeration follows Figibed®ie;
V=vent). (c) Summary of the eruption timeline with style of eruptive activity and main deposition
mechanisms of the erupted products. For the sake of simplicity, the black bars are drawn with equal lengths,
however the duration of each activityrieal (i.e., activity during Phase E and later F was possibly prolonged

for months to years). The subplinian activity is further subdivided to incorporate the observed variations in
deposits and interpreted processes: a indicates stable sustained colimditgtés oscillating sustained
columns, c indicates partial column collapses from sustained columns and d indicates the fine ash settling
mainly occurring when the column had ceagd)l Schematic visualisation of conduit dynamics. (d1) and

(d2) show vanation of conduit characteristics and magma at fragmentation with example for Phase A and
Phase B, respectively. The fragmentation level (dashed grey line) is kept at the same depth for visualisation
purposes; however, it is here noted that the deptredfalgmentation zone likely varied during the eruption
sequence. In (d1) the evolution of the conduit is shown for the entire Phase A: in Al (eruption onset) the
conduit paths are poorly connected from bottom to surface; in L1 (first subplinian colursipnheand
widening of the conduit walls occur with lithic clasts carried by the eruptive column; in L2, the well
developed conduit ensure stable column condition and higher mass discharge rate; in A3 the outgassing
and slower magma ascent result in a-latensity ash activity with initiation of conduit occlusion by
formation of dense magma at the conduit walls; the protracted magma outgassing culminates with the
formation of an obsidian plug in the conduént. In (d2) two examples are represented: indi§uption

of the obsidian plug by new gaigh ascending magma leads to onset of Phase B and subplinian activity;

in L5 a case is made for conduignt instabilities (wall collapses) leading to oscillating subplinian columns
(see text for more details)}3) lllustration of magma ascending through a dikaped conduit (modified

after Gonnermann and Taisne 2015) showing ecossluit velocity gradient and magma densification at

the conduit walls. (d4) lllustration of the inferred variable conduit diantetereen eruptive episodes
depositing the L fall unit and the A7 PDC unit. The colour gradient gives indication of the areas of magma
in the conduit from which MHP and TP clasts are produced at fragmentation. The magma TP portion
extends to more central aref the conduit as conduit diameter decrease (e.g., Mitchell et al.,.2213)
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CHAPTER 1 INTRODUCTION

1.1 Project definition

1.1.1 Research motivations

Volcanic eruptions are among the most spectacular phenomena occurring oRuEaidmental
research is needed to continuoustprovethe current undersindingon the nature and dynamics
of eruptions and how volcanic systemerk and evolve over timgCashman and Sparks, 2013;
Acocella, 201). Along withtheinvestigation®f volcanic processes and their produotgr the
last forty years (post980 eruption of Mount St. Helens, USA) the foafsresearch in
volcanology hagicreased towards eruption scenario forecagéirgg,Newhall and Hoblitt, 2002
Marzocchi et al., 2004andon how toquantify theimpacts ofnumerous volcanic hazarés.g.,
Barberi et al., 1992Bebbington et al., 200®el Negro et al., 201@iass et al.2017 Sandri et
al., 2018; Lube et al., 20p0Volcanic eruptions can have devastatifigctson the communities
and infrastructuresearactive volcanoesWilson et al., 2014Deligne et al., 20J)7and might
have global scale consequencestlie environmenttljereforeon modernsociety), as volcanic
ash particles can travel over wide areas from the erupdirs and can remain suspended in the

atmosphere for prolonged tim@Vackie et al., 2016

Typically, moderateto largescale explosive eruptions, here defined as eruptions depositing a
totalvolume of pyroclastbetweerD.1 and 100 ki{Table 1.1), consisbf a composite succession

of individual eruptive phasdseerisher & Schmincke 198€ioni et al., 2015Marti et al., 2018
Eruptive phasesepresenadiscretetime-interval duringthe sequence of a singteuption(Cioni

et al., 2008; Bebbington and Jenkins, 20tharacterisg by. (i) specific dynamics of the
subvolcanic and volcanic processes determining the modes of magma ascent and discharge to the
surface(ii) a dominant range of intensities and magnitu@esiswPyle, 201%, and (iii) styles of

the resultingeruptiveactivity and transpowtieposition mechanisms of the erupted prod(s#e

Table 1.2. Similar eruptive phases may repeat sequentially during an eruption or may alternate
with eruptive phases of different stgleseparated or not by shaftiours/days to monthgime
breaks(e.g., Askja 1875,Sparks et al., 198INovarupta 1912Fierstein and Hildreth, 1992
Mount St. Helens 198%arnaWojcicki et al., 1981 Pinatubo 1991yolfe and Hoblitt, 1996
Chaitén 2008, Lara, 200%. Usually, a climactic or paroxysmalexplosive phasdi.e., the
magnitude and intensitylargest phasi a singleeruption sequengés preceded and/or followed

by phases of lower magnitude and intensitigsi{ert et al., 2015

Recent documented and instrumentally recorded eruptions at monitored volcanoes, as well as
historical chronicles of past eruptiomsnprovide a dataset to understand eruption dynamics and

scale future volcanic events a region may face. For historicadlyrdented eruptianthese data
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CHAPTER 1 INTRODUCTION

rely on the accuracy of the observations made during the eruption and may give useful insights to
constrain the temporal changes in eruptive activity, from the onset to the ancefption.
Although they represent invalble source of information, limitations and uncertainties may arise
on theirsoleapplication to the interpretations of volcanic phenomena ahdZard assessments
(seeCashman and Biggs, 2014Extensive written historical accounts are restricted to enugpt
thatoccurred at volcanoes located closdatge cities usually describing only the largestale
phase(s) within an eruptiqnotable exampisfrom somehistorically activeltalian volcanoes+
e.g.,.SommaVesuviusandEtna Rosiet al., 1993; Branca and Del Carlo, 2004; Mulas et al., 2016
+and Japanesslcanoeste.g.,Sakurajima, Fuji, Asamdmura, 1998 Yasui and Koyaguchi,
2004;Miyaji et. al, 201). Whereaslata from mie20" century to present of monitored volcanoes
are representative of the more frequent, bstially smallerscale eruptions (see Global
Volcanism Prograndatabasghttp://www.volcano.si.edu

Characterising the intreruption sequence and dynamic of eruptions and their phases at volcanoes
with limited or not available historical records present many challenges, since few to no spatial
and temporal evidence have been constrained by direct observations. This is usuzlketht
rhyolitic-dominated caldera systems. Due to their generally longer repose time compared with
volcanoes fed by less evolved magmasg. Bebbington, 202)) rhyolitic eruptions are
underrepresented in the catalogue of historic volcanic evéfitge et al., 2006; Crosweller et

al., 20132. The limited number of weliocumented cases of rhyolitic eruptai) hampers a
comprehensive understanding of their eruption dynamics and physical processes and
consequently (ii) limits the ability to formulate eruption scenarios in volcanic hazard studies (e.qg.,
Marzocchi and Bebbington, 20Q2oth for the smallescaleevents and for the super eruption
case Table 1.1for eruption scale terminology).

Field geology of volcanic terrains and eruptideposits, along with textural and petrological
investigations of the erupted products, remain paramount tools even innmvadiganology to
understand volcanic eruptions and volcanic systéhus( et al., 202). Geological investigations
are required to develop more comprehensive knowleddgbeodynamics ofhyolitic eruptions
and to build morerobust eruption scenarios, aessing the information from past, ron
instrumentally recordedjolcanic eventpreserved in the geological recqsgeGroppelli et al.,
2019.

Of great significance to gain a bettarderstandingn rhyolitic eruptions and to better constrain
the magmatic and eruptive dynamiiat activesilicic caldera volcanoes are the studies of
moderateto largescale eruptions, not associatgith extensiwe calderacollapse eventsThese
eruptions althoughtsmaller than the super eruption endmember for wbalterasystemsare

usually known for \(Vilson, 2008, are capable to erupt substantial vobsof magma, reaching
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Pliniantype explosive intensities and might have regional to glebakronmentalmpacts This
study is designed tbring further attention and expand the knowledgethis type of rhyolitic
activity which charactese the more recurrent style of volcanism at silicic caldera sysems
Nairn, 2002; Hildreth, 2004; Hildreth et al., 201@Grker et al., 202 Sourisseau et al., 2020

1.1.2 Aim of the research and specific objectives

The central aim of this research is to provide a betteterstandingof rhyolitic eruptions.
Particularly, this research focuses on ¢heptivedynamics and physical processes of moderate
to largescale rhyolitic eruptions sourced from intrialdera settingdntra-caldera eruptionsre
definedhereas those eruptions hagmruptive vents located within or immediately outside silicic
calderasystemge.g.,Heiken, 1990Hildreth, 2004 Sourisseau et al., 20R@nd occurafter a
major calderaFROODSVH HYHQW 9 (hetwéeh idgonvdalRemdlapBelbvers for
polycyclic caldera systemd.ipman, 2000; Cole et al., 2005; Bouvet de Maisonneuve et al.,
2021).

The field area chosefor this research is the Oka@D 9ROFDQLF &HQWUH /DW
f *( WKH QRUWKH U Q PiRdéhte DIGhE7 D K\Biftanid Zoné \iR e Nurth

Island of New Zealand, which hosts the Okataina caldera sys$temm( 2002 Wilson and

Rowland, 201k The Okataina caldera is widely known in the volcanological literature for

comprising Mt Tarawera, a NEending clusterof rhyolitic lavadomes and coulees from which

the historic basaltic Plinian eruption of 188& took place \Valker et al., 1984Keam, 198;

Rowe et al., 2021

During the past 25 kyr, nine moderate largescalerhyolitic eruptions occurred from multiple

vents within the Okataina calderal@irn, 200). The mostrecent rhyoliticeventof the centre

occurred at-636t12cal.yr BP (calendar daté314t12 CE Hogg et al., 2003; Lowe et al., 2013

andit is known asthe Kaharoa eruptiofGrange, 1937Pullar et al., 193; Froggatt and Lowe,
1990;Nairn et al., 200)L This eruption represesiio datethe youngestwolcanic events involving

rhyolitic magmas in New Zealand aiglthe largest volume eruptioW LQFH WKH &( 3<’
eruptionof 7 D X ®l&anq the other active caldera system of thd® X Bofcanic Zong(Wilson

andWalker, 1985 Wilson, 1993.

Using thepyroclastic succession emplaced during the Kaharoa erugtisrsttidyinvestigates

the eruptive styles, seques@nd dynamicef intra-caldera rhyolitic eruptios The goals of this
researchare accomplished through field investigations of the pyromagdéposits and by the
guantification and evaluation of the textural characteristics of the erupted juvenile pyroclasts. The

overarching aim of this thesisachieved by addressing the following specific objectives:
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Objective 1 +Charactergation of the pyroclastic succession emplaced during the Kaharoa
eruption to define the timing of events and the temporal changesjtive anddepositional and

patterns

Objective 2 tDevelopment ofraapproach to quantify complex and anisotropic vesicle testur
from pumice clasts usingc&ning Electron Microscope:backscattereatlectron (SEVMBSE)

images

Objective 3 +Constiain the dynamics of magma ascent in the shallow conduit and evaluate how
conduit processes influenced the observed variations in degsiacteristics and pyroclasts

textures

Objective 4 +Define the factors controlling the changes in eruptive styles and the overall
eruption dynamic to provide a general model for the Kaharoa eruption

1.1.3 Thesis structure and overview

Thisthesis is comprised of seven chapters designed around the central aim of better uimdgrstand
the dynamicsof rhyolitic eruptionsfrom intracaldera settingsThe thesis also includes
appendicesf the complete dataset produced and used during this researc

Following this introductory chapter and a review chapter on the Okataina Volcanic Caalre, e

of the chapterforming the main body dhis thesids selfcontained and structured in the form

of journal research articke Thesechaptes include an intoduction to the topic investigated, a
methodology section detailing approaches and analytical techniques used, a result section
reporting the data obtained, a discussion aroundldkee and topiof the study and conclusive
remarks summasing the mainfindings. Therefore, someepetitiors can be found irthe thesis
(e.g..the introductory and background section&hapters3, 4 and 5)A separate methodology
chapter is nofrovidedin this thesis instead the methodologies ustxd achieveindividual
researchobjectives are included ineach of thepertinent chapterReferences for the cited
published works and list of appendices are reported at the end of the thesis, following Chapter 7.
The statement of originality and contribution to Chaptersa&)dt5 is reported in the format of

the Massey UniversitipRC16form in Appendix G.
Chapter 1 introduction

This chaptehighlightsthe research motivations addfinesthe overarching aim and the specific
objectives of this study. It further gives indications on the general thesis structure and content of

individual sections. The chapter concludes by providing backgrounds on the regional geology of
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New Zealand, on theolcanismof the 7 D X Bofcanic Zone and on concepts inherent in silicic

volcanism.
Chapter 2 +The Okataina Volcanic Centre

This chapter detalthe geologicabackground and volcarectonic setting®f the study area
The chapter further reviessthe eruptive history of the Okataina Volcanic Centre based on the
available data, focusing on the intraldera rhyolitic volcanism following the Rotoiti/Rotoehu

major calderdorming eruption.
Chapter 3 +Deposits and stratigraphy of the Kaharoa eruptio

This chapter presents a detailed field study of the Kaharoa pyroclastic succession. Coupling field
observations with the quantification of the main sedimentological and lithological characteristics
of the depositsthis chapter address@bjective 1 & this researchThis study revaluates the
stratigraphic sequence of the Kaharoa deposit, placing more constraints on timing of eruptive
events and on intraruption timebreaks. The sedimentary structures of the identified
lithostratigraphic units, togethavith their main grain size and componentry features, allows to
recognize an array of deposit types, which are linked to different eruptive and transport

depositional mechanisms.
Chapter 4 +An approach to quantify complex and anisotropic vesicle texturegumice clasts

Following the discover and descriptiormade during fieldwork and componentry analyses
regarding vesicle texturdeaturesof the Kaharoa pumices, this chaptgives guidelines and
presentan approacton how to quantifyesicleattributes(e.g., vesiclesize, shape and number
density) fromcomplex and anisotropic vesicle textures in pumice clasts usingEsEimages.

This chapter address@bjective 2 of this research.
Chapter 5 tMagma conduit dynamics during the explosive [ges of the Kaharoa eruption

This chapters presents the first and thorough charsatieni of the vesicle textures of pumice

clasts ofintra-calderarhyolitic eruptions from Okataina, addressiDbjective3 of this research.

By applying the workflow presged in the previous chapter, systematic vesicle texture analyses

of the Kaharoa pumices are here performed. The vesicle analyses are coupled with the estimations
of the pumice clasts bulk densities and frequency of different pumice types in the ddpssit. T
dataset is produced for the coagsained(lapilli-bearing)units alongwith the reconstructed
stratigraphy and provides constraintsnto the dynamis of magma ascent and
degassinfputgassingin the conduit during the eruptiofrurthermore, the textural datxe
correlated to the deposit types and componentry characteristics of the investigateid units

evaluate the role of shallow conduit processes in controlling the eruption dynamic.
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Chapter6 +Synthesis: an integrated view of difed, intra-caldera, rhyolitic eruptiors

This chapter integrates the findings arising from the previous chapters and adotgssgges
3 and4 of this research. Furthermore, the studied eruption is here comjpacgder similar
rhyolitic events both locally and globally and its significance in terms of traditalabnic
eruption classifications is discussed.

Chapter 7 +Conclusiors and future work

This chapter reviews the work conducted during tegearch, summarized the main findings in
relation to the specific research objectives defined in Chapter 1, and outlines the broader impacts
of this research to the topic area. The chapter further provides indications for potential research

directions woth exploring for future work.



Table 1.1 +Simplified scheme of explosive erupt&of silicic and intermediate magmas with New Zealand exampég®ion continues next page

Pyroclastic deposit Erupted magma New Zealand
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102 +107 107 +108 3 Violent strombolian / '(I'_ﬁ{g)‘l{'gg 7D XS Al
Subplinian
101 +1 108 +10° 4 Multiple Vulcqn!an pulses/ Elurrell Lapilli 7D XA
Subplinian
Bullot Fm. ;
. Waiohau [
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References for eruptions citdd] Whakaari (White Island) podi976 CE to presentipughton and Nairn, 1991; Kilgour et al., 2022] Tufa Trig (T2; T13; T14) >1.8 ka Ruapehu eruptions
(Voloschina et al., 2020; 20213] a ND 2:” HUXBXGUREQ (Vilson, 1993; Barker et al., 20P [4] ~16 ka Puketarata eruption, Mar@agoker et al., 1993; Kosik, 2018; Kosik et
al.,, 2019.[5] a ND 3 ~ HUDOSUBIRIRE\Vilson, 1993; Barker et al., 20 [6] 1655 CE Burrel Lapilli eruption, Taranaklatz et al., 2007[7] a ND 39 ° HUDBIBikdD
(Wilson, 1993; Barker et al., 2@p. [8] 27-10 ka Bullot FormationMangatoetoenuiMgt), Shawcroft w), Oruamatua@ru), Akurangi @K) eruptions from Ruapehtérdo et al., 209)2[9]
~13.6 ka Waiohau eruption, Okataina caldérpeed et al., 2002; Nairn, 2Q0PL0] ~15.4 ka Rotorua eruption, Okataina caldera / OkagekiaaymentKilgour and Smith, 208). [11] ~3.4 ka
:DLPLKLD 36 ° DX R/Qon, 1993; Barker et al., 20R(12] ~33 ka Kawerau/Unit | eruption, Okataina caldehargdeChichay & Walker 2000; Spinks, 2005; Cole et al.
2010. [13] ~61 ka Rotoiti /Rotoehu eruption, Okataina cald€ag(lier et al., 2003; Cole et al. 201[14] ~ 25.5 ka Oruanui/Kawakawa eruptiof,D X Gfdera \(Vilson, 2001; Barker et al.,
2021 -* QRW GRFXPHQWHG




CHAPTER 1 INTRODUCTION

Table 1.1 ¢aption continued

Simplified descriptive scheme of explosive erupsionf silicic (>63 wt% SiO2, dacitic to rhyolitic) and
intermediatanagmag>53 wt% SiO2, basaltiandesite to andesitic) according to their scaltal volume

of pyroclastic deposit entgced orerupted magma ZLWK H[DPSOHV IURP -alkkineeHDODQ
7 D X 'Bokcanic Zone (TVZ) and Taranakblcana Eruption subdivisiosby pyroclastic deposit volume

follows the VEI (Volcanic Explosivity Index) of Newhall and Selfd82. The main theefold eruption

group nomenclature is adapted from eruption terminology concepts developed by Bonadonna and Costa
(2013 for the small to moderate eruptions group, and from Geshi and Nakagaw@ énd Miller and

Wark (2008 for the very large teuper eruption group (convémtDO ORZHU OLPLW RI 9(, H
>1000 kn? or >450 kni DRE). The moderate to large eruption group represent a midway term between the
lower and upper scale eruption groups, where most Pligimagnitude eruptions walfall (seeCioni

et al., 201%. Range for erupted magma volumes (DRE=Dense Rock Equivatentnly approximations

based on DRE values reported in the literature for eruption of equivalerfeMEICarey and Sigurdsson,

1989; Carey et al., 2010; Pyl@p19, and fromavailable data in the eruption databases LaMEVE
(Crosweller et al., 2012; Brown et al.,, 2014DQG WKH 6 P GWPK(WRQ/\dcen.gi.edp/
Boundaries for the three eruption groups are notecetwision as sharp but flexible due to variable
preservation status of pyroclastic deposit in the geological reeqgd Todde et al., 2017; Gler et al.,

2018; 2020; Voloschina et al., 2028nd to different sources of uncertainties in deposit volestiemations
(e.g.,Scarpati et al., 2014; Bonadonna et al., 208lleni et al., 202)) Names for the common and/or
largestintensity eruption styles follow traditional eruption style namegy.( violent Strombolian;
Vulcanian, Subplinian anBlinian) of Mercalli (L1907 and Walker {973, and less traditional terms.g.,

ash emissionfrom Miyabuchi et al.008, Martin-Del Pozzoetal2008 DQG 'f2ULDR@QR THaev DO
WHUPLQRORJ\ IRU Sstyle, usufyLdalddsthriviit, eryptions and their deposit volume
follows Giordano and Ca(2]) (int. = intermediate volume ignimbrite). The termménor and major
preceding caldera collapse give a qualitative description of the extent of the caldera collapseealsot (
Lipman, 1997Cole et al., 20052010;Geshi et al., 2004 The termashballistic outburstis introduced to

indicate instantaneous explosive events erupting a very limited meglomae potentially generating a
transient and directed pyroclastic density curramd/or ash fall and ballistic showees.q., activity at
Whakaarisince 1976 Houghton and Nairn, 1991; Kilgour et al., 2021 no magma is erupted, the
HTXLYDOHQW VL]H 3HdivenSprediQor Hytrobennal Explesion.




CHAPTER 1 INTRODUCTION

1.2 Background concepts: silicic volcanism

The term silicic volcanism encompasses a broad range of eruption styles, magnitudes, intensities,
and durations, associatedth the eruption of higtsilica magmas (>63vt.% Si0,). Silicic
eruptions vary from veryakge to super explosive eruptions, resulting in major caldera collapses
andin theemplacement of extensive ignimbrite deposits, to the mild and slow extrusion of dense
magma as lavadomes or flows Eichelberger, 1995 The volumes of magma erupted during
silicic eruptions can range thereby significantly up to 8 ordsesTable 1.1), with magma
discharge rates varying from one to millions of cub&tersper secondiepending on the type of
activity (e.g.,NewhallandMelson 1983 CareyandSigurdsson1989 Mason et a.2004 Bryan

et al, 201Q Pallister et al.2013.

Despite the extreme case of super eruptioas €ruptionproducing a volume of the associated
pyroclastic deposite N, Rampino, 2002; Mer and Wark, 2008; Wilson, 200Fable
1.1), of which 42 are known tkaveoccurred in the past 36 Myminimum timeaverageruption
frequencyestimatesof 1.1 events/MaMason et al. 2004 more commonly silicic eruptions
cluster within the moderat¢o largescale eruption group, in the form of Plinitype explosive
events ¢eeSection 1.2.2 On a dataset of 45 Pleistocene and Holocene Pitgp@mmneuptions
compiled by Carey & Sigurdssoriq89, 80% of themare associated tanagma of evolved

compositionswith SiO; higher than 6@vt.% (seealsoCioni et al. 201k

Along with explosivePliniantype eruptionseffusivedomeforming eruptions ar@lsocommon
during silicic volcanism.Theseinvolve the slow extrusion of degassed and highly viscous
magmas, which accumulate around the eruptive Vava omes) and/or spreads downhill out of
the vent ¢oulees or flows(seeSection 1.2.3. In some cases, lava doff@ming eruptions
represent the dominant style of volcanism at some silicic volcareogs $oufriere Hills,
Montserrat, Lesser Antillessparks and Young, 2002; Smith et al., 2007; Wadge et al.,; 2014
Maroa volcanic complex, & Zealand|.eonard, 2008 Although lavadomeforming eruptions
comprise around 6% of the erupttomorldwide (Calder et al 2019, silicic eruptionsareoften
characterised by one or moe#usive phass) which precedeintersperseor follow the main
explosive phage) (Newhall and Melson 1983; Heiken and Wohletz 1987; Eichelberger, 1995;
Ogburn et al., 2015

Many historical and oldetases okilicic eruptionsare characterised by thisixed, explosive
effusiveeruptionbehaviours, including the founost recen(~150 yearsinoderate to largescale
rhyolitic eruptions: (1) The 1874875 CE Askja eruption and rifting episode in Icelarald.,
Sparks et al., 1981; Sigurdsson and Sparks, 1981; Carey et al., 2009, (2D1te 1912CE
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eruption of Novarupta, Alaska, the magnitude largest eruption of theefury €.g.,Fierstein

and Hildreth, 1992; Coombs and Gardner, 2001; Houghton et al., 2004; Adams et al., 2006;
Gonnermann and Houghton, 2012; Hildreth and Fierséith); (3) the 20082009CE Chaitén
eruption, Chile ltara, 2009; Watt et al., 2009; Alfano et al., 2011; 2012; Casttiad.,20123;
Pallister et al., 2013; Saubin et al., 2R1the 20112012 CE Cordon Caulle eruption, Chile
(Castro et al., 2013; Schipper et al., 2013; 2021; Pistolesi et al., 2015; Alloway et gl., Thgl5
dominant factors determining the transition between explosive to effusive eruptive phases may
change from case to casessidy et al., 2018; Schipper bf 2021), howeverthis mixederuption
behaviouris a central element in silicic volcanism, in particular for eruptions involving rhyolitic

magmas JauparandAllegre 1991; Ogburn et al., 201L5

In the following sectionsthe maintypes of 9 (,” eruptionsfrom silicic caldera systems and
their conduitto-surface eruptive processes are outlifidek focus here is therefore placed on the
postcollapse caldera volcanism, while theharacteristics of very large to super erupion

resulting ino caldera collapseventsare not reviewed sindeeyond the scopef thisthesis.

1.2.1 Silicic caldera systems and their postollapse activity

Silicic caldera systems constitute a type of votéamhose chief volcanistructural element
consistof a large (up to tens of km wide and up to few km deep), subcircular to rectilinear
depression, resulting from the evacuation of very large magma volumes stored in the upper crust
(usually >10 kmd DRE) (Lipman, 2000; Cole et al., 2005; Geshi et al., 2014; Branney and
Acocella, 2015; Acocella, 2021 GXULQJ 9(,« FDW D-foxlddr HkirhbritedsiPi© GH U D
eruptions Vilson, 2008;Geshi and Nakagawa, 2018; Bouvet de Maisonneuve et al., 2021;
Giordano and Gg 202). These eruptions cause the subvertical collapse of the stwface
chamber caldera block into the underlying magma resemvithr,the consequerdubsidence of

the ground surface forming the caldera depression.

Silicic caldera systems can bhassified into monoor polycyclic base on the number (one or

more) of calderdorming eruptions Bouvet de Maisonneuve et al., 202Examples for the

former are the Aira (Japa@eshi et al., 2090and Long Valley (USAHildreth, 2004 calderas,

while the Okataina (New Zealan@ple et al., 2010and VallesToledo (USA;Kennedy et al.,

2012 calderasare examples for the latter typene term aldera complexf Cole et al. 2009,
LQGLFDWLQJ FDOGHUD V\WWHPV FRQVWLWIAdH@stdg\orrV SD W

! Following Poland(2019 the termcaldera systeror simplycalderavolcano éeealsoBranney and
Acocella, 201Yis preferred to the tersupervolcandcf. Rymer et al., 2009liller and Wark, 2008De
Silva and Lindsay, 2035
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RYHUODSSLQJ FDOGHUDV RI GLIITHUHQW D Jpblycydiice@dekhUJH ZLWK WK
systemsntroduced byBouvet de Maisonneuve et ak0R1). The former term highlights the
structural evolution of the caldera system whilel#teer emphasisdts volcaniemagmatidime

evolution

The termsilicic is generally added to typify thdominantgeochemical characteristics of the

erupted magmas, although eruptions at silicic caldera systems can vary from rtoybésailtic

(Branney and Acocella, 20).9n the context of this work, which igmtred on rhyolitic eruptions

IURP WKH 79=1V 2NDWDLQD FDO GikUrbagmay WitH Big»88%)Hs WHUP VLOLFL
directly associated to caldkaline magmas, although siticcaldera systems of alkaline (and

peralkaline) equivalent magmas have been widely known and studied worldvgdenécaldera

systemsfrom the Quaternary Roman Magmatic Province of central and southern ltaly,

Avanzinelli et al., 2008Acocella et al.2012;Cashman and Giordano, 20Marra et al., 2020

Aluto and Corbetti calderas within the Main Ethiopian Riftitchison et al., 206

The volcanic areas hosting dominantly rhyolitic caldera systems have been sometimes referred to
asrhyolitic volcanic centrgparticularly within the New Zealand and Australian volcanological
literature €.g.,Cas and Wright, 1987; Sutton et al., 2000;rNaR002; Leonard et al., 2010
However the extent of theopographic and structural borders of the caldera congrkexsually
smallerthan thedesignated volcanic area/centeey,the Okataina volcanic and D X ®&anic

centres and associated caligr

Silicic caldera systems are polygenetic volcaribattypically lack a principal and continuously
active conduitvent system. After a caldefarming eruption, the system can undergo to a-post
collapsecycle with eruptive activity occurring from multiple eruptive veritole et al., 2005;
Branney and Acocella, 20).5Eruptive vents caform (i) scattered within the entire depression
(e.g.,Campi Flegrei, Italy), (ii) localize within zones of pegisting regionaktructures at depth
(e.g.,Okataina and7 D X, ihin the 7 D X RifA New Zealand) or (iii) along the structural border

of the calderad.g.,Kos-Nysiros, Greece; Rabaul, Indoned&a-SakurajimaJapan)This intra
caldera volcanism ofteresultsin theresurgence (magmalated uplift) of part of the caldera
floor (Acocella, 202). The postcollapse eruptive activity at some caldera systems can also
continue outside the structural borders of the caldera, forming more extensive volcanic fields
(e.g.,Long Valley calderaUSA, and La Primavera calderi®lexico;Hildreth, 2004; Sourisseau

et al., 202). Such distributed volcanism, might reflect regional to local structural and velcano
tectonic features assisting the formation of magma pathways to the d@igcEpinks et al.,

2005; Vitale and Isaia, 2014; Di Vito et al., 2016; Rivalta et al., 2019; Kosik et al)), 2820ell

as the extensive complexities associated to the magma reservoirs beneath silicic caldera systems
(e.g.,Hildreth, 2004; Costa, 2008; Giordano and Cashman, 2014; Forni et al. K0f&dy et
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al., 2018:;Geshi et al., 2020; Barker et al., 2020; Bouvet de Maisonneuve et al., 2021; Sas et al.,
2027).

The type of silicic eruptions from the newly oppostcollapse vents can vary in scale from small

to moderate up to moderate to largalfle 1.1). Accordingly, the type of activitganrange
widely. Postcollapse eruptions at caldera systems can be characterised by dominantly effusive
activity with the extrusion®f lava domes and coulees forming in time one or mal@me
complexes within the caldera systewmith DVVRFLDWHG PLQRU 9(,”egH[SORYV
Heiken et al., 1986; Leonard, 200 other cases, eruptions can reach Plityge intensities

with or without phases davadomes extrusion(e.g.,JuradeChichay and Walker, 2000; Kilgour

and Smith, 2008; Matsumoto and Nakagawa, Y0D8iring the course of a single eruption
multiple vents are typically active, varying from aligned aodnected to a main dilessure
system €.9., Heiken, 1978; Nairn, 2001; Bursik et al., 201té (apparently independently
distributedwithin the calderafew to several km apafé.g.,Roggensack et al., 189Pistolesi et

al., 2016. This multiple ventactivity of intracaldera eruptions, along withe different eruptive

styles and magnitude everan result invariable pyroclasttransportdeposition regimese(g.,
various types of eruptive plumes and pyroclastic density cufrdpfscally forming complex

pyroclastic successiosdeChapter 3).

Eruptive activity can also vary largely depending on the surface watéll of the caldera
depression forming lakes of variable size&s(ville, 2010. Thiscan increase the possibilitf
efficient magmawater interactions during the openingseiveruptive ventge.g.,Wilson,2001,
Pistolesi et al., 2007 Furthermore, ificic calderas typically host on® several hydrothermal
systems Branney and Acocella, 2015; Wilson aRdwland, 201§ in which the heated and
pressurized fluids can result in hydrothermal or phreatic explosions, connected or not to a

magmatic eruptiong(.g.,Kobayashi et al., 2018; Montanaro et al., 2017; 2020; Isaia et al).2021

1.22 Plinian-type eruptions

The termPlinian-typeis used here to groutpe continuum oéxplosive volcani@ruptionstyles,
from subplinian to ultrapliniapdefined byof Walker (L973 based on the dispersal characteristics
of the associated fallout deposits. This termimsilar to the ternPlinian familyrecently used in
Giordano and Ca(021).

Pliniantype eruptions typically occwrhenthe rapid ascergnd decompression to the surfate
magmahamper theexsolved magmatic volatiles the conduit(mainly watej to efficiently
decouplefrom the magma itself§parks et al., 1994; Cashman, 200his causgexcess of gas

overpressure in bubbles until final brittle bragk (fragmentation) of the bubbbearing melt
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continuum into an expanding mixture of magma particles and gas, violently ejected to the surface
(Dingwell, 1996; Gonnermann, 2015; Cashman actte8, 201k

The termPlinian has been widely applied to describe explosugptiveevents(Table 1.2for
eruptive activity terminologyyefinad by the sustained, quasieady, hourtong, highmass
dischargerate release of the fragmented magma particteghe atmospher@Vilson et al., 1980;
Woods 1995; Gonnermann and Man@®13; Cioni et al.2019. Thistype of volcanic activity
resuls in the formation of a buoyant, vertically ascending eruptive columneidby a mixture

of volcanic gas, solid particles and entrained air that can reach heights up to few tens of km above
the vent Eparks 1986, Carey and BursiR019. Plinian eventshave high values of eruption
intensity and magnitude, ranging betweerll1Qand >46, respectivelyRyle, 2015 Cioni et al.,

2019. The reported volume of erupted magma during a Plinian event ranges typically between
0.01 to 10 kmADRE, with reported peaf mass discharge rates fronf 16 1& kg/s (Carey and
Sigurdsson1989; Cioni et al., 20)5These very high eruption rates are the cause of the general
short duration ofndividual Plinian event, which generally laftom few hours up to few days
(Walker, 1981; Sparks et al1l997; Mastin et al2009.

Plinian eruptive columnsantransport fragmented quenched magma particles in the atmosphere
to maximum heights of 20 up to 40 ki@parks et al., 1992; Cioni et,e2008; Bonadonna and
Costa, 2018 Plinian columns rise until a buoyancy level is reached withstireounding
atmosphere. The ejected material is then carried and didpatselly by the dominant winds

over wide areas. The fallout depgsiesulting from the settlement of the particfesm the
umbrella region or volcanic clouaf the Plinian colummonsists of laterally continuous blankets

of well sorted pyroclastic fragments (juveniles as vesicular pumice and denser clasts, together
with lithics) that mantle the topographBursik et al, 1992; Rosi1998. 'H S R Vthivkress,
maximum and mediarrgin size of the particles decrease exponentially with increasing distance
from the sourceRyle, 1989, passing from coarsgrained lapilli deposit in proximal locations to

thin beds of fine ash in distal sites.

The convective behaviour of a Plinian columay pass to collapsing behaviour if the buoyancy

of the eruptive plume is not maintainégp@rks et al. 1978; Woods et al., 1988; Neri et al., 2003;
Di Muro et al., 2004; Giordano and Cas, 2DZhe partial or total collapse of the Plinian column

can lead tothe generation of concentrated to dilute, pyroclastic density currents (PDCs). In a PDC,
the eruptive mixture moves horizontally on the ground as a density cureegt {luid spreading

in a host environment of different density) driven by gravigaching distanseup toseveral
kilometres away from the venB(anney and Kokelaar, 2002; Suplizio et al., 2014; Dufek et al.,
2015; Lube et al., 202@arazzo et al., 2030This transition between convective and collapsing

behaviours can occur at fiifent time during the course of a Plinian evehtefi and Dobran,
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19949, however repeated partial collapses are more common during subplieias As a result,
proximal fall deposits may be interbedded with PDC deposits and may be locally eroded by th
passage of PDCeg.g.,Cioni et al., 1992, Rosi et al., 2001

The termsubplinianhas beemsedto describe eruptions of similar eruptive dynamics of Plinian
events butcharacteriseé by lower values of their associated meiuption parameterse(g.,
intensity, magnitude, dispersal power and degree of fragmentation of associated fallout deposits;
Walker, 1973. Subplinian events have values of eruption intensity and magnitude otd1Q a
respectively Pyle, 201%, and peak mass discharge rate typically betweearid10 kg/s Cioni

et al. 201% The lower eruption intensityi.€., mass discharge rate) of subplinian events
determines the usually lower heights reached by their ctimeemlumns with respect to Plinian
eventqsubplinian columns typically do not cross the tropopatami et al., 201k Atmospheric
conditionscan play a importantrole in theascendingdynamic of low-intensity subplinian
columrs which can beébentover understrong wing, influencing fallout sedimentatiofBursik,
2001, Bonadonna et al. 204;,520159.

In terms of eruptive behaviours, individual and sustained subplinian events are typically
characterised bfl) an unsteady mass discharge ratejgtive intensity), which can oscillate over
short (minutes to hours) timescalésdqni et al., 2015; Bonadonna et al., 2ZRTEhe oscillation

in discharge ratean oftenlead toinstabilities of the eruptive column and partial column
collapsé€s), with the generation of smalolume PDCs €.9., Rosi, 1996; Cioni et al., 2003;
Sulpizio et al. 2005; Pardo et al., 2011; Jenkins et al.)20laddition,(2) eruptions dominated
by subplinian eventare often nonsustainedIn this case, magmdischarge to the surfadge
discontinuousduring the course of the entire eruptioasulting inan episodic or pulsatory
eruption behaviourgursik, 1993; Scandone et al. 200Vhe eruption sequenagan therefore be
characterised byepeateddiscrete, lmwever shorived (hours long), events of magma discharge
over days to monthse(g., SarnaWojcicki et al., 1981; Miller and Chouet, 1994; Paladio
Melosantos et al., 1996; McGimsey et al., 2001; Maeno et al) 2DWé to this more typicalon
sustainedi.e., discontinuous magma dischgrgador unsteady(i.e., continuou$ut oscillating
magma dischargaver short timescalgactivity, subplinian fall deposits are usually well bedded,
marked by frequent changes in the mean deposit graimsitech coaser to finer-grained beds
alternate Bursik, 1993; Rosi, 1998; Cioni et al. 2Q1These characteristics further distinguished

subplinian and Plinian events and their deposits.

Overall studied eruptiosthat have been classified as Plin@rsubplinianare constituted by a
complex succession of multiple eruptive phases of contrasting eruptive(Styleset al., 201p
Phases of dominant Plinian and/or subplinian events can alternate with phasestatbinyn

intermittent Vulcanian explosions.g.,Matthews et al., 1997phases of prolonged ash emissions
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(e.g.,Todde et al., 20)7and effusive phases of ladames or flows extrusionse(g.,Swanson et
al., 1987Platz et al., 2007Tuffenet al., 2013; Pallister et al., 2013

1.23 Lava domeand Vulcanian eruptions

The term lavadome eruptionrefers tovolcanic activity dominated by the extrusion of highly
viscous magma that piles and accumulates arournetitearedorming adomeshaped mass of
lava (Calder et al., 2005 Domebuilding eruptions are typical features of silicic volcanism
(Eichelberger, 1995; Fink and Anderson, 2palthoughthe composition of lavdomes canspan

over awide range, from basaltiandesite to higlsilica rhyolite (Calder et al., 2015; Ogburn et

al., 2019. Lavadomeeruptions occur as a consequence of the slagmaascent in the volcanic
conduit, where the efficient outflow of the exsolved magmatic volatiles from the rising magma
reducs the gas presure in bubbles preventing volatdeven, magma fragmentation and
explosion to the surface.g.,Melnik et al., 2005; Mueller et al., 2008; Lavallée et al., 2012;
Cassidy et al., 2038

Lavadomeeruptions can occur at the summit crater(s) of stratawvaes€.g.,Mount St. Helens,

USA,; Pinatubo, Philippines; Volcan de Colima, Mexico; Galeras, Colombia; Unzen, Japan;
Merapi, Indonesia) or can develop along multiple vents within silicic caldera systems or volcanic
fields (Fink, 1990. The latter results in the formation of lad@amecomplexes that can exteid

length from few tcseveral km, consisting in chainsa@dmes and coulees(g., Tarawera, New
Zealand; Santiaguito, Guatemala; Mango volcanic chain, USA)During some lavalome
eruptions, the ascending magma can degas at the top of the volcanic conduit forming a plug or
cap, which cadater be (i) vertically extruded (ii) spread laterallyor (iii) can bedisrupted if
eruption continuesalder et al., 2005 The duratiorof domebuilding eruptions varies largely

from days to few decadesiéwhall and Melson1983 Ogburn et al., 2015 For yeardong,
domebuilding eruptions, the growth of thdomes) may occur in repeated episodes or cycles
(e.g.,.Barmin et al,2002; Harris et a|2003 Rhodes et al., 2018ain et al., 202)l, with extrusion

rates varying widely from 0.01%s to 100 ri¥s (NewhallandMelson 1983 Calder et a.2015.

On adatasedf 156 historical lavalomeeruptions, Newhall and Melsoi483 noted that 95%

of the eruptions were associated with explosive activity. Different styles of volcanic explosions
may occur at different time during a ladameeruption, passing frorthe semicontinues ash
emission tdransient Vulcanian explosionsp tomajor explosions of Pliniatype intensity and
magnitude leiken and WohletZL987 Ogburn et al., 200)5Transient Vulcaniaexplosiors are

the most frequent form of explosive activity associated with the growth ofltawes (Stix et al.,

1997; Fomenti et al. 2003; Kennedy et al., 2005; Wright et al., 2007; Clarke et al.),2015
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irrespectiveof magma compositigrirom intermediate to silici¢e.g.,Galeras, Colombia; Unzen,
Japan; Merapi, Indonesia; Soufriere Hills, Montserrat, Lesser AntiNgbgreasPliniantype
events are more common during eruptions involving dacitic and rhyolitic magngad 902 Mt

Pelée, Martinique; 1912 Novarupta, Alaska; 1980 Mount St. Helens, USA; 1991 Pinatubo,
Philippines; 2008 Chaitén, Chile; 2011 Cordon Caullele}liDgburn et al., 2005

Vulcanian explosions are triggedby the sudden decompressiand evacuatioof pressurised
magmastallingin the shallow volcanic conduif\(idibirov, 1994; Woods, 1995; Clarke, 2013
High pressures can accumuléjen the upper part of the volcanic conduit beneath a plug (a dense
magma body obstructing the condudnt), (i) beneath an extruded lagameor (iii) can develop
within the dome interiors Gparks, 1997 The explosios occur then whelit is reached a
sufficiently high gas pressure gradient in the underlying magma that cause the disruption of the
dome or plug sealing the conduitent (Tait et al.,, 1989, Stix et al., 1997Alternatively,
Vulcanian explosionsanresult from collapseventsof the growing doméDruitt and Kokelaar,
2002. In both casesthe disruption or collapse of the capping plug or daagss the rapid
decompressiarfragmentation and evacuatiofithe underlying magmia the condui{Kennedy

et al., 2005; Clarke et al., 201%n addition, hydrothermal alteratison the timescale of months

to years at growing lavdomes canalsotrigger Vulcanian explosions by significantly reducing
the permeability of thelomemateral, hampering gas escape from the magma column in the
conduit and causing pressure bl (Heap et al., 2009 Thedepositgesulting from individual
Vulcanianeventsare typical of small volunge(Table 1.1), since the erupted materials do not
usually exceed the volume of the magma in the volcanic conduit and from the partially disrupted
doméplug (Clarke et al., 2015 Fall depos# are usually finegrained (astsize)(e.g.,Bonadonna

et al., 200) and arecharacterisa in very proximal sites by showsof ballistic materials, often
with breadcrust texturesCas and Wright 1987; Robertson et al., 1998; Wright et al.,)2007
Vesicularity of the ash clasts is typicaltyw as they derived from theutgassed angartially
solidified magma in the shallow conduit and/or from tlwene edifice (Heiken and Wohletz,
1987; Miwa et al., 2003

Recent and well documented lad@meeruptions €.9.,1980-1986 Mount St, Helens, USA; 1990
1995 Unzen, Japan; 192915 Soufrige Hills, Montserrat; 19982013 Volcan de Colima,
Mexico), havealsohighlighteda variety of processes generag PDCs (including blocland

ash flows, BAFs) and debris avalanches durirdatia dome eruption®.g.,Miyabuchi, 1999.
Instabilities of thedomemay lead to gravitational collapsé part of the lava edifice which can
trigger explosions androduce BAFqUi et al., 1999; Saucedo et al., 2004, Schwarzkopf et al.,
2005; Brown and Andrew=2019. Plume collapse associated with Vulcanian explosions can
cause the formation of PDCS4to et al., 1992; Cole et al., 200Significant release in the

confining pessure due to sector collapse ofdbeneand associated debris avalanches can result
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in violent, laterally directed PDC¥¢ight et al, 2002 Belousov et a).2007). Collapses of the
domeedifice and production of debris avalanches can occur also whaasuziated to explosive
events andurthermoreyears after the end tfie eruption. The latter is typically due to period of
prolonged hydrothermal alteration which can significantly weakeddheeedifice and resulting

in collapses and generation ofdis avalanchesS{ebert 1984 Calder et al. 2005

1.24 Magma dynamics during ascent in the conduit

The environment where the magma ascends from its last shallow storage region (or magma
chambeyin the upper crugseeEdmonds et al., 2019; Sparét al., 201Ptowardsthe surface is
referred to as volcanic conduit. The shape of the conduit can vary largely from dikes (vertically
and laterally extend conduit) to cylindefisi{aldi, 2015;:Gonnermann and Taisne, 2015; Aravena

et al., 2017; Kavanagh, 20118

Magma during scent in the conduit il respond to decompression with a number of processes,
such ag1) degassingthe exsolution of mellissolved volatiles into gas bubblesg.,Cashman,
2004; Shea, 20)/(2) outgassingthe outflow of gas from the magm@umnwithin the conduit
e.g., Gonnermann et al., 20l and (3) synascent crystallizatiofelement diffusion into the
formation of microliteto-nanolite sizemineral phasest ascent timescales.g.,Hammer et al.,

"1 2 U Leba ROOS5Cacerest al., 2020Di Genova et al., 2090These processedfect
the intrinsic and evolving properties of the magma such as its permépbilitsity €.g.,Blower,
2001; Gonnermann et al., 201and viscosity(e.g., Whittington et al., 200f impactingthe
overall magmarheology, flow behaviour and the ascent speguh(ks, 1978; Cashman, 2004;
Llewellin and Manga, 2005; Gonnermann and Manga, RAJlimately, these processes will
governthe magmascent dynamgand theresultanteruption stie (Cashman and Sparks, 2013;
Burgisser and Degruyter, 2015When silicic magmas rise sufficiently fast and explosive
conditions are met while approaching the surfaee, the exsolved magmatic volatilese not
able to efficiently decouple from the nmrag column in the conduit) the magma will unde¢gp
fragmentation Cashman and Scheu, 2Q01Zassidy et al., 20)8the passage of the magma from
a continuous liquid (melt) with dispersed crystals and gas bubbles into a continuous gas with
dispersed liquid drops and solid particl&(nermann, 20)5The investigation ofiow and in
which extentthese processes impact magma rheology and flow corglitsorof primary

importance in the understanding of haneruption will unfold.

Silicic melts due to their high content in silica have elevated initial-§seEnt) viscosity
compareé to intermediate and mafic melts, with viscosity increasing furtherorder of

magnitudes as magmas decompress and cool towards the sGifaceuio et al., 2008;esher
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and Spera, 20)5Ascending silicic melts are often modelled as Newtonian fluids yiscosity

is independent of strain rate), however silicic melts bearing gas bubbles and crystals can exhibit
non-Newtonian behavioursCaricchi et al., 2007; Maat et al., 2013; Vona et al., 201@f
interests here is that the stress to which the magma is subjected while rising to the surface can be
accommodated by twanain different types of deformation(i) ductile deformation, with
formation of networks ofleformed (stretched) bubbles alodalisedsheared zone®g., Marti

et al., 1999; Wright and Weinberg 2009; Dingwell et al., 30@iy and/or brittle deformation

with the opening and closures of fractures in more denser magmasi{ffenet al., 2003; Castro

et al., 2013). The formeris typically the result othe developmenof lateral ¢rosscondui)
gradients in magma ascent velodind shear ratesyvith magma velocitylecreasing from the
central portion of the conduit to the cortdwalls (e.g.,Polacci et al., 2003; Shea et al., 212
Slower magma ascent velociti@hd higher shear rataswards the conduit margins are typically

due to friction antbr cooling of the magmat the conduit walls{osta et al., 2007; Burgisser and
Degruyter, 2015; Acocella, 20p1

The deformation of the bubbibearing melt and the shape of the deformed bubbles depend on the
capillary number, whereby on the balance betwalerar stress that tesih deform andurface
tension that tends round the bubbles into its original spherical sRapeand Manga, 2002; Rust

et al., 2003; Kilgour et al., 2016; Ohashi kt2018;2020). If deformation prevails, gas bubbles

are deformed into elongated uptubular shapes (aspect ratio from 1 up to >se@Chapter

4), parallel or subparallel to the direction of shear. Bubble deformation can significantly affect
the degree of bubble interconnection and magma permeaseititydlkumura et al., 2006; Wright

et al., 2006; 2009; Burgisser et al., 2)1in turn impacting the outgassing efficiency of the
magma column in the conduiée.g., Degruyter et al., 2012; Kushnir et al., 201 This can
ultimatelyinfluencethe ability of the magma to erupt explosively or effusively when approaching
the surface@kumura et al., 2009; Castro et al., 2DShearderived texturesnherited from the
deformation of the bubbleearing melt in the condyitan be preserved in therupted and
quenched vesicular juveniles (pumice clasts) in (i) localized zavegl{t and Weinberg2009

or (ii) within the entireclastsvolume, forming tube pumices$/@rti et al., 1999. Due to the
rheological properties of silicic magmas, tube pwerststs are common products of rhyolitic
eruptions, albeit their complex textures are often not quantified in textural studies of pumice clasts
owning to intrinsic complexities in the measurement of anisotropic vesicle falsges(ea et

al., 2010;,Chapter 4).
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Table 1.2 +Definition of eruptive activityand classification of temporal units used in this thesis to
characterise volcanieruptions and their intraruption sequences. The subdivision of eruptive activity into
eruption phaseandevent/episode/puldellows (1) a temporal hierarchy (i.e., aruptioncontains one or
moreeruptive phasesan eruptive phaseontains one or moreruptive events/episodes/pulsbased on

the length of quiescence period between two consecutive intervals of eruptive activity. The subdivision also
incorporates (2) changes in eruptive styles to separate two consecutive units (e.g., between consecutive
eruptive phasesr between consecutiwuptive events/episodes/pulses

Eruptive activity = the explosive or effusive discharge to the surface of new magma (with or
without the expulsion of older rocks) from a volcanic centre.

Eruptive activity

. Definition
unit

A period of continuous to discontinuous eruptive activity usually
characterised by the progressive alternation or repetition of one or
more different eruptive styles. The separation between two
Eruption consecutive eruptions is marked by a quiescence period typically long
HQRXJK <« \HDUV WR DOORZ IRU H[D®dartt
processes such as (i) soil formation or (i) substantial
weathering/erosion and emplacement of epiclastic deposits.
A period of relatively continuous eruptive activity within an eruption,
characterised by a predominant style of eruptive activity. The
separation between two consecutive eruptive phases is marked by
changes in the dominant eruptive style and/or by a short time break
(hours/days to months) between the two phases (e.g., a phase
dominated by repeated Vulcanian-style events).
A period of relatively continuous eruptive activity within an eruption or
a phase characterised by a single eruptive style. The separation
Event, episode, or between two consecutive eruptive events is marked by a change in
pulse eruptive style and/or by a very short time break (minutes to
hours/days) between the two events (e.g., a Plinian explosive event or
a lava flow event)

Phase

1.3 Background geology: New Zealand and
7 D X $/Alcanic Zone

1.3.1 Regionalsettings of New Zealand

Straddling the boundary of the Australian and the Pacific platgsX.1), New Zealand is among
the most geologically active aean Earth. Through New Zealand the active Padiirstralian
plate boundary consists of different tectonic segments, including subduction zonesdoditk
transcurrent faulting motion and continental collisidre(cott, 1984; Walcott, 1987; Beaven and

Haines, 200). Such great variety of tectonic environments shaped New Zealatdthe
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Zealandia continentver thepast85 Myr (Sutherland, 1999; King, 200@Grobys et al., 2008;
Mortimer et al., 2017; Mortimer and Scott, 2020

The current geological gatg of the North Island of New Zealarsl affected bythe Hikurangi
subduction margin, where the Pacific plate subducts obliquely beneath the AustraliaRiglate (
1.1). The NNESSW Hikurangi Trough, located offshore and to the east of the North Island,
represents the southernmost expression of the T#egmadec subduction systerfig. 1.1),
where the Kermadec Trench shallowith subduction rate decraéag from 60-100 mm/yr to 37

50 mm/yr DeMets et al., 1994; Parson and Wright, 1996; Henrys et &3; Zmith and Price,
2009. A backarc rift occurs in the central and northern part of the North Iskigd 1.1) due to

the oblique subduction of the Pacific plate beneath the continental crust of New Zealand and in
association with the clockwise rotati@f the Hikurangi marginBeanland and Haines, 1998;
Beaven and Haines 2001; Wallace et al., 20This plate motion caused crustal thinniaug
formation of the 7 D X Rifk on continental crustwith associatednagmatism and volcanism
defining aregionnamedthe 7 D X'@ofcanic Zone (TVZ)XFig. 1.9 (Cole et al., 1995; Wilson et

al., 1995; 2009; Acocella et al., 2003; Leonard et al., 28&éyeck et al., 2014viortimer and
Scott, 2020Pittari et al., 202;1Stagpoole et al., 2021

Tonga—Kermadec
subduction system

Figure 1.1 tLocation of New Zealand in the Australif@acific plate boundary. Tectonic settings follow
Mortimer and Scott4020. Bathymetry data from NIWAhttps://www.niwa.co.ng
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The onland convergenPacificAustralian plate boundary displays striglg dominated fault
systemsn the South Islandncluding the NESW Marlborough Fault System and the Alpine
Fault Fig. 1.1). The plategcontinentcontinent convergence resulted in the formation of the
Southern Alps that run for 400 km NE to SW across the South Island, and it is also responsible
for the exhumation of deegeated crustal rocks to the east of the Alpine Faldltr(s et al., 1990;
Van Dissen and Yeats; 1991; Holt and Haines, 1995; Beavaln, ¢999; Norris and Cooper,
2001; Mortimer et al., 201¢ In the southwest edge of the South Island (SW of the Fiordland
region) the continental collision gives way to the Puysegur Subduction SyBigm1(1)
(Melhuish et al., 1999; Beavan et al., 2DHere the Australian Plate subducts beneath the Pacific
Plate at the Puysegur Trendleprun et al., 200Q;amarche and Lebrun, 200Butherland et al.,
2006 Mortimer and Scott, 2020

1.3.2The 7 D X ¥dlcanic Zone

The TVZ is a zone ofQuaternary calalkaline volcanism and bagkrc rifting developed in
association with the oblique subduction of the Pacific Plate along the Hikurangi margin within
theNewZealand North Islandnd a section aiff-landcontinental crustCole et al., 1990; Spinks

et al., 2005; Pittari et al., 20pTThe TVZ extends SSWNE for ~300 km from Mt Ruapehu to

the southto Whakaari (White Island) in the Bay Blenty(Fig. 1.2 (Wilson et al. 1995; Leonard

et al., 202). The subductiomelated ifting has produced crustal thinning up to 25 and 15 km in
this areaBibby et al., 1995; Price et al., 201 ith a present spreading rate across the onshore
TVZ, of <5 mm/y up to 13 mm/y from south to north of LakeD X &Mamor and Berryman,
2001; Wdlace et al., 2004; Lamarche et al., 2D06

The volcanic activity of the TVZ started at ca. 2 Ma with emplacement of andesite, followed by
rhyolitic eruptionsfrom ~1.6 Ma,including at least 34 caldeffiorming eruptions lloughton et

al., 1995; Wilson eal., 1995; Pittari et al., 2021The TVZ eruptive history was divided by
Wilson et al., {999 into two main periods, (i) from 2.0 Ma to 0.34 and (ii) from 0.34 Ma to
present. The two periods are separated by the Whakagnaup eruptions, which consisted
several very large ignimbriproducing eruptions and associated fall deposits that covered much
of the deposits of the older activitii{tari et al., 202)L The modern TVZ (<0.34 Ma) stretches
for ~250 km NE and is 20 to 40 km wide. It can be diviated three sectoréouthern, central

and northernplong its length based on the dominant magma compositidac et al., 1995
Sedeck et al., 2014; Wilson and Rowland, 2D(FEg. 1.2). The centrakectorencloses several
dominantlyrhyolitic, silicic caldera systems of different ages, frahiD X8 Dkataina and it has
been the main location of silicic volcanism in the TWZilcon et al., 1995; Barker et al., 2)2

The southernand northernsectorsconsist insteadn mainly andesitic(to dacitic) composite
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volcanoes, including Ruapehu and Tongariro in the south, and Putauaki (Edgecumbe), Moutohora

(Whale Island) and Whakaari (White Island) in the notthofard et al.,

2021).

2021; Kilgour et al.,

ﬁ 175°€ 178% I‘l76°E 1 - N
{“’\o Autralian sz
”\ & bacif plate -
acific Bey of Plent
Lsss 92 Ocean 4 o
e % 5
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Sea E ~ ‘55
e ] 1 [ J7F Modern
) /\, S
pr éf“/ s B Taup6 Volcanic"Zone
\ Tauranga
B \ g
c % Noltthls!@/d Pa::lzu: é/ /
{ %y plate @
S\gutrgsém// 200 km b‘e, A\ Moutohora
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[=38°S
Putauaki Whakatane
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(caldera system)
=39°S
9
/ Andesite
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Figure 1.2 tMap of the TVZ modified after Spinks et a2005 showing modern and old TVZ boundaries,
locations and approximative topographic boundaries of the eight silicic caldera systems within the central
TVZ and the main andesititacitic composite volcanoesdhe southern and northern segments of the
TVZ. Inset shows position of the TVZ in the North Island.

The central TVZ is aextraordinarilyproductive region of rhyolitic volcanism, with an estimated
volume of 15,00@0,000 ki of volcanic material erupteover the past 1.6 MyRpgan, 1982;

Hoguthon et al., 1995; Wilson et al.,
active to date are th@ D X & the Okataina caldera systems, hosted respectively within the

200%he wo silicic caldera systems consideradbe
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7 D X'@okcanic Centre (TVC) ahthe Okataina Volcanic Centre (OVG)/{{son and Rowland,
2019. The two caldera systempsoducedhe largest eruptions to have occurred in New Zealand
over the last 2000 years: the 232 +10 TPB X % éruption {Vilson and Walker, 1985; Wilson,
1993 and tlke 1314 +12 CE Kaharoa eruptidia(rn et al., 200}, which erupted a DREhagma
volume of 35 and 9 kinrespectivel(SahetapyEngel et al., 2014; Barker et al., 202

Houghton et al. (999 compared the frequency and magnitude of the eruptions occurred in the
central TVZ with the Yellowstone volcano, as example of avery large caldera system. The
cumulative magma volume erupted over the past 2 Myr is very similar, suggesting comparable
magma supply rates between the two regions, however they differ in terms of styles, sizes, and
frequencies oindividual eruptions (Vilson et al., 200p In the central TVZ there have been an
order of magnitude more, but smaller in size, very large cafdemsing eruptions compare to
those at Yellowstone. Furthermora,significantly greaer number of intrecaldera rhyolitic
eruptionshaveoccurred within the central TVZ, varying form small to moderate maloiype

forming eruptions to moderatéo largescde mixed Pliniartype anddomeforming eruptions

(cf. Christiansen, 2001 For these reasons the central TVZ has lreengnisedas the most
frequently active and Quaternary silicic volcanic region on Eartison et al., 1995; Houghton

et al., 199%.

24



Chapter 2

The Okataina Volcanic Centre

25



CHAPTER2 OKATAINA VOLCANIC CENTRE

2.1 Introduction

The Okataina Volcanic Centre (OVji@. 2.1) is one of the eight rhyolitidominated centres

of the Quaternary central TVAgeFig. 1.2). Okataina represents one of the most scenic locations

of the Bay of Plenty region of New Zealand, hosting significant cultural and natural heritage sites

(e.g.,Molloy and Acland, 2006 with Mt Tarawera [Fig. 2.1) in the southern part of the OVC

being the archetypal examplée. KH ORXQWDLQ LV KHOG DV VDFUHG E\ WKH 1J—W
7IKRXUDQJL ORFDO—OMRYMQLIZIW ) Erid Ials A Sighificantalue in the

history of New Zealand both for the early human settlemétiigq et al., 2003; Lowe, 20pand

for being the location of the historic 1886 CE Plinian basaltic erupiomvé et al., 2021 The

eruption caused major destruction to the neariegs and the death of ~120 peoplene et al.,

2001; Keam, 2016 UHSUHVHQWLQJ WR GDWH WKH ODUJHVW YROFDQLF GL

Okataina is an active volcanic centre and is monitored by the Crown Research Institute GNS

Science ww.geonet.org.nzScott and Traves, 20R%Although no volcanic eruptions occurred

VLQFH DQG WKH FHQWUH KDV QRW H[KLELWHG VLJQV RI YROFD(
lllsley-Kemp et al., 202)] recent studiesn (i) ground deformation at Okatairtal(s et al., 2014;

Hamling et al., 2015; Holden et al., 2015; 2Pp&and on (ii) recent earthquakes and inferred
basaltic dike intrusions near Mt Tarawetde(son et al., 2031 suggest localized magma

movements intte upper crust beneath the centre.

The OVC hosts and borders several geothermal fidldsr{, 2002; Wilson and Rowland, 2016

with the WaiotaptRotomahanaVaimangu geothermal system to the SW of Tarawera being one
of the largestd.g.,Hunt et al., 1994Giggenbach et al., 1994; de Ronde et al., 2)) Tdwe famous

silica sinter formation of the PinkOfukapuarangi and White Te Taratd Terraces Ilartin,

1888; de Ronde et al., 2016b; 2D#thin the prel886 Lake Rotomahan&if. 2.2 were the
result of the conspicuous hydrothermal activity within the early lékerf, 201% Hydrothermal
and/or phreatic explosions connected to magmatic eruptions have been inferred for the 17.6 ka
and 9.5 ka rhyolitic eruptions at Okatairiéa(rn and Wiradiradja198() and also associated to

the ~1314 CE Kaharoa eruptioNgirn et al., 2005; Montanaro et al., 2020; Gallagher er al.,
2020. More recent hydrothermal explosions were observed and documented during'the 20
century (not related to any magmatic erupsiy creating explosion craters within the Waimangu
and Waiotapu areasléirn, 2002.

The geology and volcanic history of the OVC are extensively described in RaDE),(with
works and reviews by Cole et a2(0(10; 2012 on the structural and volcarptutonic evolution
of the centre. The review of the OVC presented in this chapter is built upon these previous works,

as well as other studies for individual Okataina eruptisasSection 2.3. The PhD thesis work
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of Cole (L9669 and Nairn {981) on Mt Taawera and Okataina, respectively are praised here,
along with early tephraoil works by Vucetich and Pullat 63; 1964; 1968 for setting up the

foundation for future Okatainglated volcanological and interdisciplinary studies.

”.w: J Lakg Rotorua “""* o -

Haroharo
dome complex

Lake Tarawera

Tarawera
dome complex

1886 CE basaltic
eruptive fissures

Mt Tarawera

Figure 2.1 +Aerial view of the Okataina Volcanic Centre. © Institute of Geological & Nuclear Science
Limited 2002. The photo is the front cover of Naigd(2 and was taken by D.L. Homer. The photo is
reproduced here with their permission and modified to add descriptions of main volcanological features of
the centre. Dashed black line is approximative border of the OVC. Location of the IAVCEI 2023 Scientific
Assembly is also shown.

2.2 Volcano-tectonic settings

The OVC is the northernmost and most recently active rhyolitic centre of J8&EiQ. 1.2; Fig.

2.2) (Nairn 2002; Cole et al. 20).0The OVC is part of the modern TVZ (<0.34 Ma), a0 km

wide NNE-trending zone of active riftingSgebeck et al., 2014; Stagpoole et al., 20alwhich

the current NWSE spreading extends at different rates, passing ff@sfhmm/y at the Bay of
30HQW\ WR PP\ VRXWK RI /DN H/12 ;x/$ At OYQWads [@vaH,Q VLR Q

2004). The modern TVZ has been further subdivided into five structural segments with variable
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components of extension by Acocella et aDd3 and Spinks et al2005. The segments with

the largest degree of extension coincide with e JKO\ DQG PRVW UHFHQWO\ DFWLYH
Okataina caldera systems. Moreover, the Okataina segment is the locus of a major transfer zone

(Acocella et al., 2003; Cole et al., 20H2 the intersection between the Kapenga and Whakatane

segments, trending EN®/SW, offset from the mean NNESW direction of the TVZKig. 2.2.

7KH 29& RFFXUV LQ WKLV VWUXFWXUDOO\ FRPSOH[ WUDQVIHU ]R
volcanotectonic interactions are suggested to have played an important role in the eruptive

histary of the centre, with controls on the caldera geometry and distribution of eruptive vents at

the surface Nairn, 2002; Spinks et al., 2005; Cole and Spinks, 2009; Seebeck et al., 2010;

Villamor et al., 201). Faults around the OVC have a dominant NE tima¢ consistent with the

PDLQ DFWLYH IDXOW WUHQG RI WKH 7DXSA 5LIW )DXOWV H[WHQG
there is a lack of mapped faults within the caldera system. This is possibly due to (i) the caldera

fill deposits €.g9., Branney and Accella, 201% from the pos25 ka activity covering older

outcrops and/or (ii) because no displacements have actually occurred within the caldera system

during this period\illamor et al. 201).

The OVC extends for ~700 Kmand consists of the Okataina caldera system with-aatidera

lava dome complexes, and peripheral (exahilera) lava dome complexdsd. 2.2; Fig. 2.3.

The Okataina caldera system represent the main veteatanic structure of the centre and was

formed after at least three very large calderaning eruptions (individual erupted magma

volume >90 kMiDRE) over the past ~557 kyr, the last of which occurred ~45 or 5Fatalg

2.1, see als®ection 2.3 ('HHULQJ HW DO 'D Q Léttall 280 Alu@e and &ROH
Storey, 201} These eruptions resulted in the formation of a complex system of overlapping and

nested collapse structur@sairn, 2002; Spinks et al., 2005; Cole et al., 20With a possible

fourth minor calderaollapse event aty33 ka associated with the eruption of the Kawerau

Ignimbrite JuradeChichay and Walker 2000; Cole et al. 2D14

The Okataina caldera system consists of ti8 Nkataina caldera (also refer to as the Haroharo
caldera ifNairn, 2002 and includes othehtee minor basind={g. 2.2 named Rotoma, Puhipuhi

and the Okareka, respectively on the NE, E and W margins of the Okataina caldera. During the
post25ka volcanic activity of the centre, eruptive vents opened at Okataina, Rotoma and Okareka,
excluding thePuhipuhi basin which was possibly last active during the Mangaone eruptions (25
to 54ka;seeSections 2.3.4 and 2.3)5

The Okataina caldera has a rectangular geometry (28x16 km wide), with the long axis trending
N8°W, nearly perpendicular to the rift axis of the Okataina segments of Spinks2€08). The
structure of the caldera floor is obscured by-sgltapse ignimbte deposits and deposits related

to the postollapse intrecaldera activity of the centre. However, a distinctive large negative
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gravity anomaly and magnetic data suggest a maximum depth of the basement of the caldera
depression of 5 km, infilled by thew-density volcaniclastic rock$ig. 2.3 (Rogan, 1982; Davy

and Caldwell 1998; Sherburn et al., 2003; Stagpoole et al.).ZD&& gravity data also define a

N 15 depression whose margins are consistent with the mapped topographic boundaries of the
Okatina calderaRig. 2.3 (Nairn, 2002; Spinks et al., 2005The caldera rim has clear
topographic expressions north of lake Tarawera, and at lakes Rotoiti and Okataina, whereas in
other areas the caldera margins are often buried beneath younger dé@osit2(03. Where
exposed, the caldera rim is strongly scalloped due to repeated slumping of the caldera rim scarps,
which have extended the boundaries of the caldera to its present paSitiene( al. 2010
Laterally to the main NS Okataina calderarstcture, the three lateral subsidiary basins (Rotoma
Puhipuhi and Okareka) are thought to reflect subsidence events resulting from the lateral
movements of the underlying magmas towards the Okataina caldera and their evacuation by
subsequent eruption€gle et al., 201))
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Figure 2.2 +(a) Map of the OVC showing topographic margins of Okataina caldera system, including the

main Okataina caldera structure, subsidiary basins, and the inferred position of the Okataina Ring Structure,
after Nairn 2002). White linegepresent the approximate length and width of the twe2ip&h lineaments

of eruptive vents. Vent locations associated with the eruptive activity from Haroharo and Tarawera dome
complexes are also showr) (is modified after Fig. 3b of Colet al. 010 and shows location and
JHRPHWU\ RI WKH 29& ZLWKLQ WKH 2N BMWwksletaD{C0H WihiQ e AIVZ |RQH "™ \
R1 WKH 7 DDaSHed3hin Wack linedisplay the inferred continuation of the axes of the Kapenga (to

the souh) and Whakatane (to the north) rift segments into OVC, which broadly correspond to the Haroharo

and Tarawera vent lineaments.
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The peripheral lava dome complexes within the OVC (e.g., Matawhaura, Whakapoungakau,
Maungawhakamana, Moerangi and Tutaeheke)arated outsidéhe margins of the Okataina
caldera and subsidiary basins and have ages between podsifflka(pre-caldera) to >54ka

(Cole et al. 2011 (Fig. 2.3. Healy (1962 proposed that these peripheral domes mark a large
3ULQJ FRP Saxsidle e #.H200%or terminology) known as the Okataina Ring Structure
within which the OVC developed. The margins of the ring structure are however not well defined

and apparently cut across the nearby Kapenga caldera system to tRigg SX2( (Nairn 2002.

Eruptions related to the pe8b ka activity of the centre occurred from two zones of vent
clustering within the caldera system. The alignments of eruptive vents define two, subparallel,
lineaments possibly controlled by basement structiiesi{(, 2002; Cole et al., 2010; Seebeck et

al., 2010: the Haroharo and the Tarawera linear vent zones or vent linearR&nt2.2; Fig.

2.3). The vent lineaments transect the caldera and have -teN#fing offset (y10°0°

clockwise) from the main activadlt trend around the OVG/{lamor et al., 201).
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Figure 2.3 zFigure 2 of Cole et al2010 showing the main Okataina caldera topographic borders and
spatial distribution and ages of the intaldera and peripheral lava dome complex, with eruptive vent
locations. Inseshows negative gravity anomaly (contours in mals

The presentlay gemorphology of the OVC is the result of the repeated volcanic activity of the
centre, from the major caldera collapse events to the recentaitiera activity, and the variable

levels of erosion of the erupted and deposited volcanic materials. Todartdweera and the
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Haroharo rhyolitic lava dome complexes within the southern and northern parts of the Okataina
caldera, respectively, formed during the g@Stka activity along the two mentioned vent
lineaments, are the most prominent volcanic edifideth@® centre. Variably eroded ignimbrite
depositover the OVC outside the topographic caldera borders. These ignimbrites were erupted
from both the OVC and from the two nearby silicic caldera systems, Rotorua and Kapenga, to the
W and SW, respectively.He depressed area of the caldera system is variably filled by water
forming several lakes (clockwise starting NE: Lakes Rotoma, Rotomahana, Tarawera, Okataina,
Rotoiti and Rotoehu) between the caldera margins and thecaltitara lava dome§ig. 2.2.

2.3 Eruptive history

In the following section it is to be noted that the date for the Rotoiti/Rotoehu very large,-caldera
forming eruption is debated between ~45 kB@Q L atN H VY abdG-54 kaKlude and Storey,

2019. Previous work by Wilson et 42007 also gave a different date for the eruption at ~61 ka.

For the sake of simplicity (about halfway between the two endmember dates) here it is used the
latest available date published: ~54 kéufle and Storey, 20L.6No preferences are given on
basisof the different dating techniques used by these works. If not otherwise specified, all the
pyroclastic deposits and lavas cited below are emplaced by eruptions dominantly or exclusively

fed by rhyolitic magmas.

2.3.1 Early volcanism (~625557 ka)

Volcanic activity from the OVC possibly initiated from 625 ka, based on the finding of rhyolitic
tephra layers dispersed on the Bay of Plenty coast, with cummingtonite crystals suggesting an
Okataina originlflanning, 1996; Cole et al. 20L0’'he age of tli cummingtonitebearing tephra

layers is however uncertain: reported ages in the literature range between 420 and\62% ka (

and Beanland, 1989; Manning, 199Precaldera rhyolitic lava domes (Whakapoungakau and
Matawhaura domes, and the Maungawhakandome complex) have been possibly extruded
during this periodTable 2.1) and are likely associated with the Bay of Plenty coastal pyroclastic
sequenceNairn 2002; Cole et al., 20)L.4These domes might have also formed after 557ka,
however the abundamingular rhyolitic lava blockéound within the ~557 ka Utu Ignimbrite,
suggests the presence of-peddera domes within the OVCole et al., 2010
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2.3.2 Caldera-forming eruptions (~557, ~322 and ~54 ka)

The first voluminous and widespregagiroclastic deposit that appears to be associated with the
formation of the Okataina caldera system is the QOIMRE Utu Ignimbrite {lairn, 2002; Deering

etal., 2011; Cole et al., 201@able 2.]). This very large caldetfprming, ignimbriteproducing
eruption was thought to have occurred at ~380 ka, preceding the large Whakamaru group
ignimbrite from Whakamaru caldera system to the sagkKRig. 1.2 (Nairn 2003. However,

new dates suggest the Utu eruption and the associated first caldera colthpse\b€ occurred

at y557 ka (eonard et al. 20)0The extent and thickness distribution of the Utu Ignimbrite is
not well constrained due to later structural evolution of the OVC and younger deposits cover both
from the Okataina and nearby caldera systelmportant to note is the absence of available
topographic evidence for the caldera structure resulting from the Utu eruption, therefore no
definitive constraint is placed on this caldera collapse e@mie et al., 201¢ A possible location

of this cdlapse structure is reported in Cole et aDX0 at the SE edge of the present Okataina
caldera. The limited outcrop exposures of the Utu Ignimbrite can be found S and E within the
Puhipuhi Basin airn, 198). The Utu Ignimbrite deposits vary from nerelded to weakly
welded with devitrified pumice lapilli, and are occasionally intercalated with fall Béaisn(

1981; 2002; Cole et al., 20L&ince the deposits bear large (<cm) crystals of quartz and abundant
biotite crystals, the ignimbrite was preusly named thQuartzbiotite tuff(Nairn 2002; Cole et

al., 2010.

A second major caldera collapse event within the OVC is related to the evacuafib®0okn®

DRE magma during the 322ka Matahina eruptidedring et al., 2009(Table 2.1). The
emplaced ignimbrite deposits vary from partially to densely welded;lbigivwn in colour, with
characteristic obsidian clasts, and large devitrified pumitksri{ 1981; Nairn 2002 The
ignimbrite deposits are best exposed east of the OVC, vidtknss varying from 5 up to 150 m
(Nairn, 1981, Bailey and Carr, 190dnd they overlay a Pliniatype, pumicebearing fall deposit
(Cole et al. 201D The boundaries of the caldera structure resulting from the eruption of the
Matahina Ignimbrite are notell defined as they are largely hidden by the products of the later
activity of the centre and by the following54 ka, caldera collapse. The possible location of the
Matahina caldera structure is given by Cole et 201() in the southern part of thergsent

Okataina caldera.

The last major caldera collapse event to have shaped the caldera complex of the OVC is associated
with the emplacement of thgl00 kn¥ DRE, Rotoiti Ignimbrite and Rotoehu fall deposit&a(rn

and Kohn, 1973; Burt et al. 199Rairn 2002; Charlier et al., 2003; Schmitz and Smith, 2004

last dated at 54 ka(ude and Storey, 2016eeSection 2.3. The deposits of the Rotoiti/Rotoehu

eruption comprise a 5000 m thick sequence of navelded ignimbrite units (the Rotoiti
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Ignimbrite) and intercalated fall beds collectively named the Rotoehu Ash or Tephira(1972;
Froggatt and Lowe, 1990; Nairn, 200Zhe eruption started with the deposition of the subplinian
Matahi basaltic scoria fallPullar and Nairn, 19792from suggested erupe vents within the
northern part of the Okataina caldek&irn 2003. The eruption progressed with the ejection of
rhyolitic magma deposited by magmatic and phreatomagneatic $elf and Sparks, 1978; Van
Eaton et al., 20)2Plinian eruptive columnsNairn, 2003, which form part of the Rotoehu
Tephra. These Pliniatype fall deposits are interbedded by for@ined PDC depositsN@irn,
1981), which underly crystatich fall beds (Valker, 1979; Nairn, 2002 This falkdominated
sequence is then oventaby the thick (>50m) ncewelded flow units of the Rotoiti Ignimbrite.
The ignimbrite deposit extends N from the OVC for 30 km up to the Bay of Plenty bizast (
2002). The distribution of the ignimbrite deposit and the locations of thick lithic lagciarec
deposits around lakes Rotoiti, Rotoehu and Rotoma are indicative for a caldera collapse to have
occurred in the northern part of OVCdle et al. 2010 Shortly after the Rotoiti eruption was
emplaced the nowelded Earthquake Flat ignimbrite depodio (kn? DRE) from the nearby
Kapenga calderaN@irn and Kohn, 1973; Schmitz and Smith, 2)With inferred vents on the
Okataina Ring Structuré\@irn, 2003.

2.3.3 Activity between major caldera collapse events>54 ka)

Volcanic activity from the OVC continued during periods between the three major collapse
events. Eruptions occurred at vents within the newly formed caldera complex and within the
Okataina Ring Structure outside the caldera borders. This activity wastehised by repeated
explosive Pliniartype eruptionsand extrusion of rhyolitic lava domes and flows, forming

ultimately several dome complexes.

Information on the ages for OVC eruptions >557ka and between the Utu and the Matahina
Ignimbrites are uncerita (Table 2.1). For instance, the >557ka ptaldera (?) domes
(Whakapoungakau and Matawhaura domes, and the Maungawhakanana dome complex) are
exposed N, E and W of the OVEig. 2.3, by erosion of the overlaying Matahina ignimbrite
deposit, indicating amge of the lavas at least of >322 Réaifn, 2002; Cole et al., 2010
However, the Whakapoungakau domes have a ferromagnesian mineral assemblage which
correlates with the Okatairsourced Bay of Plenty pyroclastic deposits on the coast, dated at
betweent20 and 625 ka\(anning, 1995; Nairn and Beanland, 1p88uggesting a possible age

of >557ka (preJtu ignimbrite) for the extrusion of these domes.

Explosive volcanism occurred after the Utu ignimbrite eruption, with the emplacemtm

Murupara Subgnap deposits (Bonisch Subgrouphiairn 2009 of 30 kn? DRE of cumulative
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volume (Manning, 1995; Deering, 2009; Cole et al., 2010he activity of the Murupara
Subgroup was characterised by several inferred Pligjaa eruptions during a time interval of
340322 ka Table 2.1), which concluded with the Matahina ignimbrite eruptidta(ining, 1996;

Cole et al., 2010 The associated Plinian fall deposits are separated by paleosols and their areal
distribution is consistent with eruptive vents opened ondhthsrn part of the present Okataina
caldera Nairn 2003.

More constraints are available for the pbkitahina 322 ka eruptions. Activity between the two
largest Matahina and Rotoiti Ignimbrites consisted of a series of explosive eruptions that formed
theOnuku Subgroup, the Pokopoko pyroclastic sequence and the Te Wairoa pyroclastic sequence
(Cole et al., 2010 During this period the Moerangi and Tutaeheke rhyolitic lava dome complexes
were also emplacedfle et al., 201)) Dacitic volcanism also occuwd during this period with

lavasemplaced withing th@uhipuhi basinNairn 2003.

The Pokopoko pyroclastic sequence comprises alternating PDC and fall deposits (of unspecified
eruption styles) containing variable amount of obsidian clastsr{,2002. The whole sequence

is up to 120 m thick in the proximity of Lake Okarekag( 2.2, suggesting eruptive vents west

from the Okataina calderdljompson, 1974; Nairn, 20R2Age of the Pokopoko pyroclastic
sequence, not constrained by analytical rdptiechniques, is >220 ka based on stratigraphic
relations as it underlies the Mamaku Ignimbrite from the nearby Rotorua caldera sisigm (

et al., 1995; Nairn, 20Q2Extrusion of some lava domes on the NE shore of lake Okareka could
be associated witthe Pokopoko activityqole et al., 201)0

The Onuku Subgroup comprises multiple pyroclastic fall deposits, PDC units with common
obsidian and rhyolite lava lithics and interbedded fine ash layers in some cases containing
accretionary lapilli Jairn, 2@2). Six paleosols occur within the Subgroup. Mapped Onuku
pyroclastic deposits suggest eruptive vents in the southern part of OVC. Although not dated,
eruptions occurred possibly between 322 and 240 ka as the Onuku Subgroup units are
stratigraphically breketed by they322 ka Matahina an@¢240 ka Kaingaroa ignimbrite deposits

(the latter was erupted from the Reporoa caldera systenh) €t al. 2010

The small volume (>1 kifDRE) Te Wairoa pyroclastic sequence consists of stratified PDC
deposits containig hornblendédearing pumice lapilli and rhyolite lava blocks in ash matrix
(Bellamy, 1991; Nairn, 2002 The deposits extend north and east from the Moerangi lava dome
complex on the western border of the OVC between Lakes Okareka and RBigruad and

appear to be related to the emplacement of this dome contpiéxt al., 201)0 Other rhyolitic

lavas forming the Tutaeheke Dome Complex were extruded probably during the same period from
vents at the SE border of the Okataina caldera, N of Lake Rbtma [Fig. 2.3.
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Table 2.1 £+Summary of the eruptive history of the OVC with names, ages and volumes (DRE) of the
erupted and emplaced pyroclastic deposit and lava dddhbgsand S indicate subgroup and sequence,
respectively used in Nairr2(02 and Leonard et al2010, which used typically to group a package of
successive pyroclastic deposits of different ages interlayered by soils.

Okataina Volcanic Centre eruptive history
Name of Caldera - Lava Dome Ade Magma
pyroclastic forming Complex (kga) volume Notes Ref.
Shg or S Ignimbrite p (DRE)
Haroharo and
Haroharo and Intra-caldera
Tarawera Tarawera <25 80* activity [
(Shg)
Minor caldera
M 33 >15 collapse
angaone (suspected) (2] [3]
(Shg) Kawerau - . 4]
ntra-caldera
54-31 22 activity
Rotoehu/Rotoiti Rotoiti 54 >100 Major caldera [5] [6]
(S) collapse
Te Wairoa (S) <220 1
Moerangi <220 -
Tutaeheke <220 - NUECAGSIANS) ||, )
activity
Pokopoko (S) >220 -
Onuku (Sbg) 32%120 20
Matahina 322 >160 | Majorcaldera | .o
collapse
Murupara (Sbhg) ?:,3‘;02- 30
? - - Intra-cal
Matawhaura ntr:cg\alli t(:/era (1] [4]
?Whakapoungakau - -
?Maungawhakamana - -
Utu 557 90 Major caldera (9] [10]
collapse
?Matawhaura - -
? - -
?Whakapoungakau Pre-caldera 1 4]
?Maungawhakamana - - (suspected) [11]
Bay of Plenty
coastal (S) 620 j

References cited1] Nairn (2002, [2] JuradeChichay and Walker2000, [3] Spinks @009, [4] Cole et
al. (2010, [5] Nairn and Kohn1973, [6] Charlier et al. Z003), [7] Deering et al.Z009, [8] Nairn (1987,
[9] Leonard et al.Z010), [10] Cole et al. 2014, [11] Manning (L996). SeeSection 2.3for a more details
on individual eruptions.
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2.3.4 PostRotoiti volcanism: The Mangaone eruptions (<5431 ka)

The Mangaon&ubgroup represents the last eruptive activity of the OVC before the recent post
25 ka period of intracaldera eruptionsi(iradeChichay and Walker, 2000; Smith et al., 2002
The deposits of the Mangaone Subgroup occupy a stratigraphic position beteegs¥tka
5SRWRLWL ,JQLPEUL Vedtirc@F25.5 W& @rudrdiX IBghnibrite ilson, 2001;
Vandergoes et al. 2013; Barker et al., 2021

The Mangaone Subgroup consists of a series of 12 rhytolitlyyodaciticPliniantype eruptions
which occurred frm several eruptive vents widely dispersed within the Okataina caldera and
Puhipuhi basinJuradeChichay and Walker, 2000; Smith et al., 208Bane et al., 2008 0le et

al. 2010. The 12 associated fall deposits are named unit A to L, with the lardekinéy PDC
deposits emplaced during the units | (in addition to the Kawerau Ignimbrite) and L eruptions
(JuradeChichay and Walker, 2000; Cole et al., 21Dhe Plinian fall deposits are generally
well-sorted and consist of highly vesicular pumice andcally abundant lithic clasts. Some of
the deposits are associated with episodes of various level of magimiainteraction during the
eruptive activity JuradeChichay and Walker, 2001The cumulative DRE volume of erupted
magma associated with the Maoge Subgroup (excluding the Kawerau Ignimbrite) is 22, km
corresponding to a cumulative deposit volumey80 kn¥ (JuradeChichay and Walker, 2000;
Cole et al., 2010

No lavas have been recognised from this eruptive period; however, many deposith are r
rhyolite lava lithic fragments, suggesting that lava extrusions might have occurred. Growing lava
domes might have in turn been disrupted during the subsequent Mangaone eruptions or buried by

the later posR25ka activity at the Tarawera and Harohdome complexesdole et al., 201p0

The Mangaone eruptive period lasted about 15 kyr until 3ltkadeChichay and Walker, 2000,
Leonard et al., 2090 During this period, aty33ka a large eruption occurred emplacing the
Kawerau Ignimbrite $pinks,2005; Cole et al., 20)4vhose deposit volume has been estimated

to vary betweerd5 and 50km? (Spinks, 200% Vents for the Kawerau ignimbrite are inferred in

the southern part of the OVC to the west of the Puhipuhi B&sile (et al., 2010 The ignimbrie

was correlated with the largest Plinitype eruptions (Unit 1) of JuradBhichay and Walker
(2000, and it represents the largest eruption at OVC since the 54 ka Rotoiti/Rotoehu eruption
(Spinks, 2005; Cole et al., 2010t has been suggested by S@irfk005 and Cole et al.2010

that the eruption of the Kawerau Ignimbrite was accompanied by a possible minor caldera

collapse that could have modified the structure of the caldera complex after the Rotoiti Ignimbrite.
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2.3.5Recent intra-caldera volcansm (~25 ka to present)

Eruptive activity of the OVC during the past ~25 ka consisted of a series of nine rhyolitic, mixed
explosive (generally described as Plinian or subplinian) to fomang eruptions Table 2.2,

and by two basaltic eruptionsldirn,2002). All these eruptions, with the exception of the basaltic
Rotokawau evensgebelow), occurred from two Niending, linear zones of clustering of vents

that transect the Okataina caldera in the northern (Haroharo vent lineament) and southern parts
(Tarawera vent lineamentiNéirn, 2002; Cole et al., 2010; Seebeck et al., RCBive rhyolitic
eruptions (Te Rere, Rotorua, Rotoma, Mamaku and Whakatane eruptions) occurred from the
northern vent zone (Haroharo), building over time the Haroharo dome @omptl emplacing

lava also at Okareka and Rotonkag( 2.3; Fig. 2.4 (Nairn, 2002; Smith et al., 2005; Smith et

al., 2006. Four rhyolitic eruptions (Okareka, Rerewhakaaitu, Waiohau and Kaharoa eruptions)
occurred instead at the southern vent zone (Taegywehich ultimately built the Tarawera dome
complex FEig. 2.3; Fig. 2.4 (Nairn, 2002; Shane et al., 2Q0During each rhyolitic eruption

multiple, aligned eruptive vents were active.

The most recent volcanic event of the centre ishthrical 1886 CE Plinian basaltic eruption,
which developed from a #km-long fissure that cut through the domes of Mt Taraw€ig .1

and continued SW to Lake Rotomahana and Waimangu valkeyn(and Cole 1981; Walker et

al., 1984; Sable et al., @6; Carey et al., 2007; Keam, 2016; Rowe et al., p0Riother basaltic
event, the ~3.4 ka Rotokawau md@mming eruption, occurred instead at vents aligned/Fust

west of the Okataina caldera topographic borders, south of lake Reigi® (3. TheRotokawau
eruption consisted of phreatomagmatic and strombolian explosions emplacing fall ard small
volume PDC deposits, rapidly thinning away from the v&w#apland and Houghton, 1991,
Houghton and Smith, 1993; Nairn, 2002

In the following two sectios, descriptions of the main characteristics of the nine <25 ka rhyolitic
eruptions from the OVC are presenteddalsoTable 2.2for a summary). Eruption ages, if not
stated otherwise, are given in ka cal. BP according to Lowe ét0al82013. For a eview on

the Kaharoa eruption the reader is referre@eotion 3.2.4n Chapter 3.
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Table 2.2 +Summary of the main characteristics of the fska intracaldera rhyolitic eruptions from

the OVC. Note: all eruptions are mufthase, multvent andmixed explosive to effusiveseeSections
2.3.5.1and2.3.5.2for more detailsKey for location:LV = vent lineamentH = HaroharoT = Tarawera;

HDC = Haroharo Dome CompleX;DC = Tarawera Dome ComplefB = Okareka basirRB= Rotoma

basin. Recognized type of discrete magmas erupted during individual eruption (number of discrete magmas
erupted is also indicated}= rhyolitic magmap = basaltic magm&D = rhyodacitic (mixed and mingled
compositions) PDC = pyroclastic density curng; coPDC = PDCderive buoyant plumeBAF= block

andash flow; PM = inferred phreatomagmatic activity.

Eruption general characteristics
Deposit Deposit
Eruption Age Vent Magma P volume Lava
VL o volume
name (ka cal. BP) position types erupted (conv. volume
(bulk) DRE)
2R
[1]

Kaharoa 0.636 T TDC (minor RD & B) 16.5 8.2 0.84
Whakatane [ 5.6 H HDC 3R 6 2.6 8.53
Mamaku ! 8 H HDC 1R 12 - 12
Rotoma ! 9.5 Ho| DS 3R 5.6 2.2 5
Waiohau 1 13.6 T | TDC i 45 . 10

(minor B)
Rotorua [ 15.4 H OB 2R 2.7 - 1
Rerewhakaaitul 17.6 T | TDC o 7.6 . 5.7
(minor B)
3R
[8] -

Okareka 21.8 T TDC (minor B) 12 5
Te Rere [l 25.2 H H%%& 1R (?) 5 - 10
Inferred type of eruptive and depositional styles during individual eruption
Eruption Plinian - | Minor explosions ) Lava Lava Debris

name type (Dry) (PM) PDC | co-PDC flow dome BAF avalanche
Kaharoa X X X X X - X X -
Whakatane X X X X - X X - -
Mamaku X - X X - X X - -
Rotoma X X X X - X - - -
Waiohau X X X X - X X X X
Rotorua X X X X - X X X -
Rerewhak. X X X X - X X - -
Okareka X X X X X X X - -
Te Rere X - X X - X X - -

Reference cited: [1] Sahetamngel et al. Z0149); [2] Kobayashi et al.Z009; [3] and [4] Smith et al.
(2000; [5] Speed et al.2002); [6] Kilgour and Smith 2009; [7] and [8] Darragh et al2006); [9] Nairn
(2009). See text for more details
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2.3.5.1 £tRhyolitic eruptions from the Haroharo vent lineament

Te Rere(Nairn 1992; 200p. After a period of quiescence that lastedf6kyr, eruptive activity
resumed at the OVC with tH5.2 ka cal. BPTe Rere eruption. The eruption occurred at two
spatially separated (20 km apart) cluster of vents at Haroharo dome complex and at Gkgreka (
2.4). The duration of the eruption is urdwn. It consists of an initial Plinian phase followed by
extrusion of lava flows and domes. The initial Plinian event from the Haroharo dome complex
emplaced fall beds and PDC deposits that extend out to the northern and eastern caldera margins.
Explosiveactivity is inferred to have occurred simultaneously at the vents within Haroharo and
Okareka. Four lava flow units and a dome were extruded during and after the explosive phase (no
Te Rere pyroclastic deposits are found overlying the lavas). Charactebstdiarrich surge
deposits are found around the Haroharo dome complex vent area and are suggested to be
originated from minor phreatomagmatic explosions when the extruding lavas entered in contact
with abundant external water from perhaps a lake. Thetien deposited up to 5 Knof
pyroclastic deposits and emplaced 10%kam lava flows and dome (13 Rrof total magma

erupted).

Rotorua (Nairn, 1980; 2002; Smith et al., 2004; Shane et al., 2007; Kilgour and Smith, 2008
The 15.4 ka cal. BPRotorua erupon occurred at four vents within Okareka and involved two
physically and chemically distinctive magma bodies. The eruption sequence consisted of two
main phases. The first phase was characterised by a Plinian style explosive activity that dispersed
tephi to the northwest and lasted probably for few hours up to few days. The Plinian phase began
with minor phreatomagmatic activity as the rising rhyolite magma possibly intersected shallow
groundwater or surface water within the Okareka basin. With incgeasitihe rate of magma
discharge, the eruption transitioned to dominantly magmatic emplacing proximal deposits
characterised by multiple bedding with sharp changes in the grain size of the beds vertically along
the stratigraphy. These features are sugdeaserelated to significant fluctuations in magma
discharge rate over short intervals, possibly caused in response to variable magma ascent rate and
degassing dynamics in the conduit. Eruption columns are estimated to have varied between 13
and 20 km. Thesecond phase of the Rotorua eruption consisted of the transition from explosive
to dominantly effusive activity with the extrusion of two lava domes that continued for a
suggested duration of several years. Dome growth was accompanied by inferred Vulcanian
explosions erupting crystaich pumice and as well as dome collapses producing locally dispersed
PDC deposits. The deposit volume emplaced during the whole Plinian phase was revised by
Kilgour and Smith 2008 at 2.6 knd, plus an estimated 0.1 Rmolumeof pyroclastic deposits
associated with the second phase of the eruption. Volumes of the domes are estimated at 1 km
(Nairn, 2002.
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Rotoma(Nairn, 2002; Smith et al., 20R6I'he 9.5 ka cal. BPRotoma eruption occurred from at

least six suspected aligneduptive vents over a im-long segment of the Haroharo vent
lineament, from the subsidiary Rotoma basin into the Okataina caldera. The eruption consists of
Plinianstyle activity, minor phreatomagmatic explosions and by the extrusion of lavas at the
Rotaoma vent area as well as from the NE and W part of the Haroharo dome complex. Different
vents were inferred as active simultaneously, however the location of the eruptive activity
possibly shifted from Lake Rotoma (NE) to two vents within the Haroharo domplex, tapping

three distinct magmas. The eruption possibly commenced with minor explosions of magmatic and
suspected phreatomagmatic activity from the Rotoma vent area, with deposition of fall and PDCs
beds which resulted in the formation of a tuff rifinian eruptions followed at Rotoma and at

the NE margin of the Haroharo dome complex, with pyroclasts dispersed toward the NE. Shortly
after, phreatomagmatic activity occurs at a second vent to the W margin of the Haroharo dome
complex, which produce®DCs and a tuff cone. During the explosive activity, lavas were
extruded from other vents at both Rotoma and at the NE Haroharo dome complex area. The
eruption concluded with the emplacement of PDCs deposits at the E margins of Okataina caldera,
forming a200mthick fan. The total volume of fall deposits is calculated at ~5.1% (KORE

volume = ~2.2 krf), while PDC units account for 0.5 RnThe total volume of the lava flows is
estimated at >5 kin

Mamaku (Nairn, 2002; Smith et al., 20p6The 8 ka cal. BP Mamaku eruption occurred from
several aligned vents (possibly eight) spread over ~10 km from the NE to the SW ends of the
Haroharo dome complex, with one vent just outside the western margin of the Okataina caldera.
The eruption displayed both drpive and effusive activity, however it was dominantly effusive

as estimated 90% of the magma was erupted as lava domes and flows. The eruption sequence
began with the extrusion of two lava flows from vents at the NE part of Haroharo dome complex
accordirg to Nairn 2002 while it initiated with phreatomagmatic and Plinian activity according

to Smith et al. 2009. After a period long enough for the lava surfaces to have cooled, Nairn
(2002 suggests Plinian events took place which were preceded by phagabatic explosions.

Plinian fall deposits were dispersed concentrically around the vent system and are interbedded in
proximal sites by PDC deposits resulting from episodes of column collapse. Explosive activity
continued at different vents and precedeiision of other lava domes and flows. The Mamaku
eruption ended with suspected phreatiei(n, 2003 or phreatomagmatic explosiorfSnjith et

al., 2009 at a crater outside the caldera rim, west from the Te Horoa lava dome which separates
Lake Okatainarbm Lake TaraweraHg. 2.4. A magma volume of ~12 khwas estimated for

the extruded lavas during the Mamaku eruption. Fallout and PDC deposit totalled a bulk volume
of 1.2 kn¥. The Mamaku eruption emplaced the largest volume of lava during any singfiees

of the post25 ka activity of the OVC and, unlike other eruptions from the Haroharo vent
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lineament, only a single compositionally homogeneous magma batch was inferred to have fed the

eruption.

Whakatane (Nairn, 2002; Kobayashi et al., 2005; Smithat., 200§. The 5.6 ka cal. BP
Whakatane eruption was the last volcanic event to have occurred from the Haroharo vent
lineament, which ultimately shaped the present geometry of the Haroharo dome complex with
extrusion of several induvial lava flows amuhtes. The eruption occurred at five aligned eruptive

vents spread over 11 km. Three vent areas are designated as the Makatiti vent area situated in the
SW part of the dome complex; the Haroh&atokohu middle vent area; the Pararoa vent at the

NE margin & the dome complex, adjacent to the caldera rim. The eruption was characterised by
the typical mixed, explosiveffusive, rhyolitic activity of the post 2ka period of the centre.

During the eruption, ~8.5 KhDRE of magma was erupted as lava domes andsfivhile a total

of ~2.6 kn¥ DRE of magma was erupted explosively forming pyroclastic deposits.
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The eruption sequence comprises explosive and effusive events at each of the three vent areas,
some of which have been inferred to haveuned simultaneously. The Whakatane eruption
began with two verbpening explosions at the Harohd&otokohu vent area, generating directed
blasts and emplacing multiple coarse lithith beds. These explosions were immediately
followed by activity at theMakatiti vent, 6 km SW from the preceding vent, which generated
diluted PDCs (depositing fingrained beds) that preceded the largest explosive phase of the
eruption, Plinian in intensity. Plinian columns developed from Makatiti vent, during which tephra
were dispersed over a wide area in the nedstern North Island, with a main dispersal axis
toward SW. Repeated column collapses formed PDCs and associated deposits which are found
interbedded with the Plinian fall beds. At valleys within 5 km from iherce, PDC deposits
accumulated up to thicknesses of 50Minor explosions are inferred to have occureg¢dhe

same time from the HarohaRotokohu vent area and at Pararoa vent. Explosions at Haroharo
Rotokohu resulted in the formation of a tuff congmifg of the initial activity at Pararoa vent is

not well constrained, however veopening phreatomagmatic explosions are suggested to have
produced fine ash deposits bearing ballistic clasts. The main explosive activity at Pararoa vent
consisted of Vulcaian explosions through a suggested growing lava dome. These explosions
generated and deposited PDCs beds containing dense pumice that further built a small tuff cone
around the vent. Further minor phreatomagmatic explosions have been suggested depositing
lithic-rich lapilli beds up to 2 km from the vent. The explosive activity at all vents was followed

by the extrusion of lava domes and flows. Extrusion of Haroharo, Rotokohu and Pararoa domes,
from their respective vents, is inferred to have commencedgltire major Plinian events from
Makatiti vent. On the other hand, lava flows and domes from the Makatiti vent area were extruded
when the Plinian activity had ended. The Makatiti and Pararoa domes continued to grow after all
the explosive events had stegh and they represent the final phase of the Whakatane eruption.
Based on the data available, Kobayashi e&l0 suggested a probable duration for the entire
eruption sequence (explosive and lava activities) of more than ten years, accountingrtiwtie

of the lava domes and associated minor explosions. Plinian events seem to have occurred repeated
times during at least two years. This was suggested based on the presence of Plinian deposits
underlaying and overlying the dome extruded at the Haootrater. Like the Rotoma eruption,

the Whakatane eruption tapped three recognised, distinct magma batches, each vent areas erupting
a certain magma composition. Most of the magma was erupted from Makatiti vent area as 7.5
km? of lava, 2.3 kmd DRE of thewhole Plinian fall deposit and 0.2 RIRE of PDC deposits.

Lava flows and domes at HarohdRotokohu and Pararoa have estimated volume of 1 and 0.03

km? respectively, and of 0.285 and 0.0065°KDPRE of their associated pyroclastic deposit.
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2.3.5.1 £Rhyolitic eruptions from the Tarawera vent lineament

Okareka (Nairn, 1992; 2002; Darragh et al., 2006; Shane et al.,)2d0t® 21.8 ka cal. BP
Okareka eruption marked the beginning of the eruptive activity at the Tarawera vent lineament.
The Okareka erupmn, despite is misleading name, is not associated with lava flows and domes
at the Okareka basin but was erupted form vents within the Tarawera dome complex. Exact
locations of the eruptive vents are uncertain as they are buried by younger lavas. The most
proximal Okareka pyroclastic deposits can be found at 8 km from an inferred vent area at Kanaka
and Ridge domesF{g. 2.4. The eruption was characterised by an initial explosive phase
consisting of nine inferred events (units A to | in Darragh &0ab) of different style, magnitude,

and intensity. The eruption sequence began with a subplinian basaltic scoria event (Unit A),
followed by rhyolitic activity (Unit B to I). The rhyolitic activity consisted of: (i) minor
phreatomagmatic explosions depogjtash beds containing mingled bashliolite clasts (Unit

B); (ii) a main Plinian event dispersing tephra to the NW from an estimated maximum column
height of 19 km (Unit C); (iii) magmatic to phreatomagmatic explosions depositing a finely
laminated paclge of fall, PDC, and ¢®DC beds (Unit D, E and F); (iv) a possible subplinian,
mainly magmatic, event depositing fall beds (Unit G); (v) activities ofspmtified eruptive

origins (due to very limited exposures) that emplaced a massive well sortedfiriell deposit

(Unit H) and a distinctive orangarown bed of massive ash with scattered lapilli (Unit I). Further
three units (J, K and L) have been found only in one section, consisting of thin ash layers inferred
as the result of PDCs deposition aimeRDC ash fallout. The bulk deposit volume is estimated at
11.9kni WHUPHGRQWRROLGDWH G, 20Q9.' BodrLaRel kheteXploBi@ activity,

the Okareka eruption progressed toward a final effusive phase characterised by the extrusion of 5
km? of magma as a lava dome and flows. No evidence has been found for significant erosion or
weathering features between the pyroclastic units, suggesting that the explosive phases occurred
relatively continuously. By comparison with other p@5tka eruptias, the duration of the
effusive phase is estimated aB3/ears. Three discrete rhyolitic magma batches were erupted
during the Okareka eruption. The basaltic magma erupted at the beginning of the eruption forming
subplinian scoria fall deposits is infed to have intruded at the base of the rhyolitic plumbing

system, ultimately reaching the surfa&éne et al., 2003

Rerewhakaaitu(Nairn, 2002; Darragh et al., 2006; Shane et al., R0De 17.6 ka cal. BP
Rerewhakaaitu eruption occurred at the SW @nithe Tarawera dome complex, from possibly

two separated vents a few km apart. The eruption simultaneously tapped two rhyolitic magmas
during most of the eruptive sequence. Extrusion of the Rotomahana dome at the NE present
margin of Lake Rotomahana, wasggested by Nair2(02 to have been the first activity of the
Rerewhakaaitu eruption, however eruption initiation needs further investigation. Dome extrusion

was followed by explosive activity of different style, magnitude, and intensity. The pyioclast
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sequence was divided into 14 units (A to N) according to Darragh 088 ( The initial A unit

was emplaced byreearly Plinian event, which dispersed fall beds mostly to ENE from eruptive
columns of up to 15 km in height. UnitsB consist of strdfied, poorly sorted, and lithicich

ash beds, which have been suggested sourced from phreatomagmatic explosions, marking an
abrupt change in the eruption dynamics. UniB® Brere widely dispersed around the vent, with
lobes to the NE and SE. UnitsEBEwvee deposited from 2@5 km high Plinian eruptive columns

that dispersed tephra to the SE. Thd Backage alternate ash and lapilli beds interpreted as
fluctuations in eruption intensity. Unit K consists of figeined, wellsorted ash beds,
representing decline in the explosive activity. Deposit of UnitdNLhave similar characteristic

of Units EJ, possibly representing fall beds deposited from a renewed convective column.
Explosive activity formed a tuff cone on the eastern margin of the Rotomahamea @be tuff

cone was later overlain by the extrusion of a second lava dome and a lava flow. The total deposit
volume is estimated at 7.6 RnLava domes and one flow totalled a magma volume of 537 km

The eruption is suggested to have lasted for momthgears similar to the previous Okareka
eruption to account for the explosive and effusive activity. Even if no discrete basaltic deposits
have been found within the Rerewhakaaitu pyroclastic sequence, some rhyolitic pumice contain
andesitic to rhyodacitibybrid glass inclusions accompanied by mineral phases typical of basaltic
to andesitic magmas (e.g., olivine, calcic plagioclase phases, and magriekium
orthopyroxenes). These are inferred to indicate involvement of a basaltic magma during the

eruption(Shane et al., 200.7

Waiohau (Nairn, 2002; Speed et al., 2002; Shane et al., 200% 13.6 ka cal. BPWaiohau

eruption occurred at possibly two vent areas, ~5 km apart, located at Kanaka and Eastern domes,
S and E from the younger Wahanga dome of the prelsgnMt Tarawera. Explosive activity
possibly occurred only at Kanaka the vent ardairfi, 200). The erufion began with the
extrusion of Eastern dome, followed by explosive and later effusive activity at Kanaka vent area.
The explosive activity was subdivided by Speed e2@l09 into 15 events each resulting in the
deposition of a stratigraphic unit irethVaiohau pyroclastic succession (units A to O). The earliest
deposit is a fallout bed of fine lapilli (Unit A), followed by PDC deposits (Unit B). The eruption
SURJUHVVHG WRZDUG WKH GHSRVLWLRQ RI IDOO EHGV IURP 30L
columns (Unit C) dispersed to the SE, and deposition from PDCs (Unit D) radially from Kanaka
vent. The eruption continued with a Plinian column reaching heights of ~30 km, dispersing tephra
(unit E) into two distinct lobes to the SSW and SE. As the Pliniamitgcgirogressed, the vent
possibly widened or migrated resulting in the destruction of an obsidian dome/cryptodome or lava
built during the same eruption, and emplacing obsibtiaring lapilli bed (unit F). Immediately

after, small explosions and falloewents occurred depositing several pyroclastic beds (units G,

H, I and J). The eruption continued with the emplacement of a widespread distinctive thin layer
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of poorly sorted, pink ash with abundant lithic clasts and obsidian (unit K) of PDC origin,
followed by a new Plinian column. The associated fall deposit (unit L) was dispersed toward the
SE, accompanied by the emplacement of thin PDCs (units M). This last Plinian actiliy (L

was followed by a major failure of the NE flanks of the Mt Tarawera. &tscollapse resulted

in the emplacement of a thick deposit either as a series of-blakish flows, or as one debris
avalanche. The collapse possibly induced a sudden decompression of underlying magma,
triggering explosions that possibly generatedRBEXCs of Unit N. The Waiohau eruption ended

with the emplacement of lava flows and the extrusion of Kanaka dome. No evidence of significant
time breaks is found within the tephra sequence, suggesting the deposition of the pyroclastic
succession over a ped of days, while the lava flows and domes were possibly emplaced within
years. The total volume of magma erupted as lava was 3(Bkmane et al., 2008while a deposit
volume for the whole pyroclastic sequence is estimated at 4.53%med et al., 2@&). The
Waiohau eruption, together with the Mamaku eruption from Haroharo dome complex, might have
been the only two eruptions of the p@st ka activity that began with the extrusion of lava as
flow or dome. Similarly with the Mamaku eruption, only onegma batch was likely tapped
during the Waiohau eruption. No basaltic component is found in the deposits, however Shane et
al. 2008 LQGLFDWHG WKDW UDUH EDVDOWLF DQG DQGHVLWLF
erupted from a third vent, nebake Rotomahana, suggesting the involvement of basaltic magma

also for the Waiohau eruption.

Kaharoaeruption,0.636 ka cal. BRseeSection 3.2.2 in Chapter 8

2.4 Summary

The OVC is one of the most frequently activeyolitic-dominated centres of the modern TVZ
(New Zealand). The eruptive activity of the centre possibly started as early ds 6€2ith
explosive eruptions distributing rhyolitic, cummingtoritearing, tephra layers towards the Bay

of Plenty and with déisive events emplacing lava domes in theqaielera Okataina area.

The volcanic evolution of the centre was punctuated by three very large, dalaheirsg
eruptions (individual DRE erupted volumes ranged from 90 up to 169 fesulting in the
formation of the Okataina caldera system, a complex system of overlapping and nested collapse
structures. These eruptions are associated with the emplacement of the Utu, Matahina, and Rotoiti
Ignimbrites dated at 55¢a, 322ka and 54a, respectively, ging an average ~250 kyr between

consecutive major caldera collapse events.
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Volcanism periodically occurred with rhyolitic int@aldera eruptions during the intervals
between each caldera collapse events and continued after Kee Rdtoiti/Rotoehu erdjon.

Although notmuchdatais available on the prRotoiti intracaldera eruptions, eruptive activity

is inferred to have been characterised by periods of repeated Bip@aaruptions. This type of

activity resulted in the formation of packages ofgmjastic deposits interlayered by paleosols

that have been grouped into pyroclastic subgroups and sequences (e.g., Murupara and Onuku
Subgroups). Eruptive activity during these periods was also characterised by the extrusion of lava
domes and flows formindifferent lava domes complexes (e.g., Moerangi and Tutaeheke dome
complexes). Vents for the pRotoiti, intracaldera eruptions were located both within and
outside the caldera margins.

More constraints are available for the eruptive history of thereeditlowing the 54ka
Rotoiti/Rotoehu, calderforming eruption. Two periods are conventionally recognised: the (i)
54-31 ka period associated with the Mangaone eruptions and the (ii2p&atperiod associated

with the Haroharo and Tarawera eruptiofse 5431 ka Mangaone period was characterised by

a series of twelve, rhyolitic to rhyodacitic, Plinitype eruptions whose deposits form the
Mangaone Subgroup. Activity during this period developed at inferred vents widely dispersed
within the Okatainaadera and at the Puhipuhi basin. The emplacement of the Okatairaed
Kawerau Ignimbrite (150 kn? deposit volume) was correlated to the Mangaone period, possibly

causing a minor caldera collapse event at&3

The post25 ka period consisted instgaf nine rhyolitic eruptions and two basaltic eruptions,
including the 1886 CE basaltic fissure eruption of Tarawera. Contrary to{8&kadMangaone
period, individual pos25 ka rhyolitic eruptions exhibited mixed explosigadeffusive eruption
behavour. Eruptions typically started with an explosive phase(s) characterised by sustained
Pliniantype events and minor ash explosions, followed by the extrusions of lava. Rhyolitic vents
during the pos®5 ka period are located along two subparallel-tkhding zones defining the
Haroharo and the Tarawera vent lineaments. During individual rhyolitic eruptions, multiple vents
were active along one of the two vent lineaments. The effusive phases of each individual eruption
from the two lineaments bujlover time, the Harharo and the Tarawera int@dera dome

complexes, which also emplackedas at the Okareka and Rotoma basins.

The eruptive history of the OVC records the complex evolution of a silicic caldera system in
which up to three cycles of major catd collapse events and inttaldera activity can be
recognised. This evolution makes the history of the OVC comparable to those of other polycyclic
caldera systems both locally and worldwide, with examples aTtheX SA 1HZ =CaD@® D QG
Flegrei (Italy) and VallesToledo (USA) caldera systemiddiken et al., 1990, Barker et al., 2021;

Bouvet de Maisonneuve et al., 202The intracaldera eruptive activity can vary largely in
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magnitude and eruptive style, from small to moderate scale erujgorikn?® DRE), up to
moderate to large scale eruptions @akm?3 DRE, Table 1.1 reaching Plinian intensities and

often associated with an effusive phase. At Okataina, in the p&sr $dllowing the youngest

major caldergorming eruptions, a total of twentyne rhyolitic and one basaltimoderate to

large scale eruptions have occurred, erupting individual volumes of*t1Rf of magma, while

small to moderate eruptions appear to haeen very rare. This seems to differ from the intra
caldera activity at other polycyclic caldera systems, in which smaller scale eruptions® (<1km
DRE) represent instead the more frequent eruptive activity of the centre following a caldera
collapse evente(g., at7 D X S At Gabhpi Flegrei). The larger magnitude inteddera eruptions

at Okataina can suggest favourable conditions for the rapid formation and recharge of larger
volumes of eruptible magma batches in the shallow ctistdano and Cashman, 24 Sas et

al., 2019 possibly aided by theubductiorandextension tectonic setting in which the Okataina
caldera system forme&éebeck et al., 2014; Sas, 2p@ee alscChapter 6). Furthermore, the
locations of the pos25 ka eruptive vents along two subparallel linear zones with orientation
FRQVLVWHQW WR WKDW RI WKH 7DXSA 5LIW DOWRStMXJIHVW
regional structures at deptidirn, 2003.
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Chapter 3
Deposit and stratigraphy of the

Kaharoa eruption
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3.1 Introduction

Rhyolitic eruptions occur less frequently compared to eruptions fed by intermediate to mafic
magmas \(Vhite et al., 2006; Crosweller et al., 201However, they can generate the most
voluminous and catastrophic volcanic explosive events ot Bdason et al., 2004; Miller and
Wark, 2008; Bryan et al., 20).CDue to the lack of direct observations and monitoring data, the
reconstruction of the dynamiesd time evolutiorof rhyolitic eruptions is mostly based on the
investigations of the pyroastic successions and lavas emplaced during these eeemts (
Fierstein and Hildreth, 1992; Wilson and Hildreth, 1997; Nairn et al., 2001; Goto et al), 2018
along with detailed microtextural and geochemical analysis of the erupted juvenile matgrials (
Smith et al., 2006; Shane et al., 2008; Houghton et al., 2010; Geshi et d)., 2020

Advancements in the understanding of rhyolitic volcanism were made possible by a series of
multi-disciplinary studies focused on two very recent rhyolitic eruptitres20082009 eruption

of Chaitén volcano, ChileLara, 2009 and at the 2022012 eruption of the Puyeh@ordén
Caulle volcanic complex, ChileCgastro et al., 20)3These eruptions offered for the first time a
direct observation of the complex and ldagting eruptive activity associated with moder#be
large-scale (~1 kriipyroclastic deposit volume) rhyolitic eruptions and their impacts on modern
society Elissondceet al., 2016; Craig et al., 2016; Forte et al., J088udies conducted on these
eruptions highlighted the composite, multjplease nature of the explosive sequence of these
eruptions, which resulted in the deposition of complex pyroclastic succe$8ifmso et al.,
2011; Pistolesi et al., 2015; Bonadonna et al., 2015b; 20B6thermore, these studies provided
new insights into eruptive dynamics and transition between explosive to effimshieated
eruption behavioursjastro et al., 2012a; Saukénhal., 2016; Schipper et al., 2013, 221

The study of rhyolitic eruptions is of great relevance in the context of New Zealand volcanology

and volcanic hazard scenario planniigg@mpson et al., 2015; Stirling et al., 20177KH 7DXSA

Volcanic Zone (TVZ)of New Zealand is one of the most frequently active regions on Earth to

have sourced rhyalitic eruptions since the late Quaterifditggn et al., 1995; Allan et al., 20))8

DQG KRVWV WZR FXUUHQWO\ DFWLYH FDO G Htdanivtehtesl PV DW WKH 2
(Nairn, 2002; Barker et al., 20R Rhyolitic volcanism in the TVZ is associated with a wide range

of eruptive styles and erupted magma volumes, spanning from small to moderate eruptions (0.001

to 0.01 kni DRE) dominated by the extrusiofilava-domes €.g.,Leonard, 2003; Kdésik et al.,

2019 to very large volume (>10 KhDRE), up to catastrophic superuptions (>450 kiDRE)

associated with large caldera collapseg.(Wilson, 200) (seeTable 1.1in Chapter 1).

During the past ~50 kyin the periods between caldarallapse events, the eruptive activity of
WKH 79=9V VLOLFLF FHQWUHYV Z Baldér&éexpd3iFenotetiukiveHiigolEid VHYHUDO L C
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eruptions, with erupted magma volumes typically ranging from 0.01 to 2Qq\iihson et al.,

2009; Leonard et al., 20L.0These intracaldera eruptions emplaced thick, falleldminated
sequences close to the source and widespread thin ash layers and have been broadly classified as
subplinian and Plinian in eruptive styledoughton etal., 1995; Lowe et al., 2008At the

Okataina caldera, these pyroclastic deposits display repeated grain size fluctuations and changes
in deposit structure within any eruption pyroclastic successlair{, 2003, suggesting complex

eruption sequence andeposition mechanisms. A systematic characterisation of the main
GHSRVLWVY IHDWXUHYVY DVVRFLDWHG ZLWK WKHVH HUXSWLR
to better constrain the eruptive behaviours and hazard potential fronrcatdeaa rhybtic

eruptions.

This study investigates the pyroclastic succession associated with the explosive phases of the
1314 + 12 CE Kaharoa eruption sourced from Mt Tarawera, within the Okataina caldera. Through
new field observations the existing stratigrapgtbemes for the proximal deposit&a(rn et al.,

2007 and for the medidio-distal fallout depositsSahetapyengel et al., 2014are revaluated

and complemented to characterise in detail the timing of eruptive events and the occurrence of
time breaks irthe eruption sequence. Thedepth study of the pyroclastic beds in the field is
combined with the systematic quantification of the sedimentological and lithological features of
the deposits to infer temporal changes in the depositional and eruptivamsact during the
eruption. This study finally aims to provide a better understanding of moderate to large scale
rhyolitic eruptions and their possible inteauption scenarios.

3.2 Geological and volcanological background

3.2.1 Geological setting and eruptive history of Okataina and Mt

Tarawera

The Okataina Volcanic Centre (OVC) is the northernmost active rhyolitic centre of the TVZ in
the North Island of New Zealand and consists mainly in the active Okataina caldera system and
extracaldera lava domed\(ilson et al., 1995; Nairn, 2002; Cole et al., 2DIThe Okataina
caldera, also referred to as the Haroharo caldeMaim (2002, is the most recent source of
rhyolitic volcanism in the TVZ, with the CE 1314 £ 12 (or 636 xc&R yr BP) Kaharoa intra

caldera eruption marking the youngest rhyolitic activity of the region.
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The Okataina caldera is a complex of overlapping collapse struciaes,(2002; Spinks et al.,
2005; Cole et al., 20)4ormed after up to three caldei@ming eruptions, which emplaced large
volume ignimbrite deposits (9060 kn?¥ DRE) (Cole et al., 2010; Cole et al., 2Q1&hese
deposits are dated at ~557 ka (Utu Ignimbritepnard et al., 20)0 ~322 ka (Matahina
Ignimbrite; Leonard et al., 20)Qandat ~54 ka (Rotoiti Ignimbritef-lude and Storey, 2016ee
section 2.3 in Chapter 2 for ages of the Rotoiti IgnimprReesently, the Okataina caldera system
consists of a main 1% oriented, 28x16 km collapsed area (the Okataina caldera), resulting in a
distinct negative gravity anomalys¢ebeck et al., 2010; Stagpoole et al., 20@ith three
additional minor peripheral basins of subsideriRetoma, Puhipuhi and Okarekat the NE, E

and W margins of the calder&ig. 3.1).
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Figure 3.1 HMap of the OVC showing topographic settings, borders of the Okataina caldera and subsidiary
basins (Puhipuhi basin, Okareka and Rotoma embayments) and approximate margins ofchlaraa
Haroharo and Tarawera dome complexes. Location of eruptius aetive at the OVC during the past 25

kyr along the Haroharo (HVL) and Tarawera vent lineaments (TVL) are also shown. The OVC structural
features and borders of neighbouring calderas are drawn following Raibg) ( The inset shows tectonic
settings ofthe southern Hikurangfermadec (HK) subduction margin and locations of the OVC in the
TVZ within the North Island of New Zealand.
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Between caldera collapse events, the eruptive activity of the centre was characterised by repeated
explosive eruptions uptPliniantype in magnitude and intensity, and by the extrusion of rhyolitic
lava domes and flows, forming several dome compleXeg1f, 2002; Cole et al., 20).0After

the Rotoiti/Rotoehu eruption, the last major calderaning event of the centréN@irn, 1972,

2002; Schmitz and Smith, 2004 series of twelve rhyolitic to rhyodacitic Plinitype eruptions
occurred betweer 54 to 31 ka JuradeChichay and Walker, 2001, Leonard et al., 204D
various inferred vents within the Okataina caldera andPtitépuhi basinJuradeChichay and
Walker, 2000; Nairn, 2002Their deposits are collectively referred to as the Mangaone Subgroup
(Leonard et al., 20)0No lavasseen to have been emplaced during this eruptive pefiade(et

al., 2010. The>15 kn? Kawerau ignimbrite deposit emplaced at ~33 ka (Unit Dimade
Chichay and Walker, 20Q0@as correlated to the Mangaone Subgroup eruptions, possibly causing
some minor collapse in the caldera syst&mirtks et al., 2005; Cole et al., 2014

During the past 2 kyr, following the Mangaone eruptions, a second period of-oaidera
volcanism occurred at the OVC, consisting of nine, modetatargescale, rhyolitic, explosive

to domeforming eruptions. The erupted products of these eruptions formed ovah@ndra

caldera Haroharo and Tarawera dome compleéXesr{, 2003 (Fig. 3.1). Two basaltic eruptions

also occurred during this period: (i) the historical basaltic Plinian fissure eruption of Tarawera in
1886 CE (Valker et al., 1984; Sable et al., 208@&we et al., 2021and the 3.7 ka, smalolume,
maarforming, Rotokawau eruptiorBganland and Houghton, 1991; Houghton and Smith, 1993;
Nairn, 2002. All the <25 ka eruptions (excluding Rotokawau) occurred from multiple aligned
vents which define two NEending vent lineaments that transect the Okataina caldera in the
northern (Haroharo vent lineament) and the southern parts (Tarawera vent line&ment) (

2002; Cole et al., 2010; Seebeck et al., 30The location of the Haroharo and Tarawera vent
lineaments is probably related to underlying basement structlmes, (2002, with both vent
OLQHDPHQWY KDYLQJ RULHQWDWLRQ FRQVLRIfV&icQW theL WK P L
OVC, with a slight offset at an angle of-20° clockwise {illamor et al., 201). The lavas and
pyroclastic sequence from these eruptions at the two vent lineaments are referred to as the

Haroharo and Tarawera Subgroupséonard et al.Z010.

The intracaldera Tarawera dome compl&xq. 3.2 was luilt during four rhyolitic eruptions that
occurred along the Tarawera vent lineament: the Okarékian 1992; Nairn, 2002; Darragh et

al., 2006; Shane et al., 200&he RerewhakaaitiN@irn, 2002; Darragh et al., 2006; Shane et al.,
2007, the WaiohauNairn, 2002; Speed et al., 2002; Shane et al., Ya0& Kaharoa eruptions
(Nairn et al., 2001; Nairn, 2002; Leonard et al., 2002; Nairn et al., 2004; Safaigplet al.,

2014, dated at 21.8, 17.6, 13.6 and 0.636 cal. kyr BP, respectivele(et al.2008; 2013. The
extrusion of closely spaced and overlapping rhyolitic lava domes and coulees, with intercalated

proximal pyroclastic deposits, emplaced during these four eruptions built over time Mt Tarawera,
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whose summits consist of the three main ldwmes extruded during the Kaharoa eruptkeg.(
3.2). The present configuration of Mt Tarawera is affected by the opening of thm-lohg
eruptive fissure during the 1886 CE basaltic eruptidamirfh and Cole, 1981; Carey et al., 2007;
Rowe et al., 2021

Wahanga Ruawahia Tarawera

~—— -
Tarawera dome complex
rhyolite eruptions and lavas

|:| Kaharoa (636 cal. yr BP)

[ ] Waiohau (13.6 cal. kyr BP)

[[] Rerewhakaaitu (17.6 cal. kyr BP) fg"
[ Okareka (21.8 cal. kyr BP) ’

Lake Tarawera

Figure 3.2 H(a) Photo of Mt Tarawera with the three summit domes emplaced during the Kaharoa eruption
(Wahanga, Ruawahia and Tarawera). The photo is taken from the NW shore of Lake Tabgwéap.df

the Tarawera dome complex with the distributiiavas (followingNairn, 2003 erupted during the four

rhyolite eruptions that built the dome compl&¥. R, CD andT indicate Wahanga, Ruawahi@rater and
Tarawera domes (Crater dome is buried beneath Ruawahia and Tarawera domes). Stars show the locations
of the inferred seven vents active during the Kaharoa eruption (follovéang et al. 200). The vents are
numbered from SW to NE (no tempbeader is implied): 1 is Green Lake Plug vent, 2 is Tarawera dome

vent, 3 is Crater dome vent, 4 is Ruawahia dome vent, 5 is Ruawahia crater vent, 6 is Wahanga dome vent
and 7 is Northeast crater. The white arrows indicate the distributions of the Kahackandash flow

fans.

Rhyolitic eruptions at Tarawera were characterised by a similar eruptive pattern, characterised by
a multiplevent type of activity and by exhibiting an explosieeeffusive eruption behaviour, in

which the explosive phases weigially followed by the extrusion of lavas. The explosive activity
ranged in style within any of these eruptions from minor ash explosions to sustained subplinian
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and Plinian eventsNairn, 2003. During each of these four eruptions, the explosive phases
emplaced an estimated total pyroclastic deposit volume ranging between 1.2 to36:6.5rto

8 km3 DRE), while the effusive phases erupted between 0.84 to® 6fkavas as dome and
coulees $eeTable 2.2 in Chapter 2. Although the erupted magma is goeninantly rhyolitic

in composition, additional subordinate basaltic scoria deposits were associated with the initial
explosive phase of the Okareka eruption and evidence of minor basaltic involvement was
identified in the erupted magmas of the other Tarawhyolitic eruptionsl(eonard et al., 2002;
Shane et al., 2008

3.2.2 Previous studies on the Kaharoa eruption

Several studies have been conducted on the Kaharoa eruption for its multiple relevance in
understanding rhyolitic volcanism at the T\Ad the Okataina caldera systemg(,Leonard et

al., 2002; Nairn et al. 2004; Shane et al., 2008; Cole et al., 2014; Sabetgglyet al., 2014

and to estimate the associated volcanic hazards of rhyolitic erupda@nsBponadonna et al.,

2005; Jenkis et al., 2008; Thompson et al., 2R1Burthermore, the deposits of the Kaharoa
eruption represent an important stratigraphic marker for the late Holocene geological and
archaeological record in the norther part of the North Islargl,Lowe et al., 198; Newnham

et al., 1998; Shane, 2000; Hogg et al., 2003; Lowe et al., 2011).2013

The Kaharoa eruption is the largest eruption to have occurred in New Zealand over the past 1,000
years (Vilson et al., 199h The deposits of the main explosive activigvd been dated at 636 *

12 cal. yr BP (calendar date 1314 + 12 CE) during the austral winter, via wiggbd dating
using“C determination and treéng sequences of a carbonised log sampled within thigick
pyroclastic density currents deposits giraximal Kaharoa outcropigg et al., 2003; Lowe et

al., 2013.

According toNairn et al. 2007), the eruption occurred at least at seven vents located along an 8
km-long section of the Tarawera vent lineament at the two extremities of Mt Tarawera, from
Green Lake Plug vent in the SW to Northeast crater to thé&-NEJ.2. The eruption was broadly
divided into two main parts: (1) after vent opening explosions, the eruption progressed towards a
series okubplinian to Plinian eruptive colum(idairn et &, 2001;Sahetapyengel et al., 2014

(2) after a period of quiescence of uncertain time following the main explosive activity, the
eruption continued with the extrusions of lava domes which formed the poesesummit of

Mt Tarawera lairn et al., 200) (Fig. 3.2.

During the Pliniartype explosive activity, several lapilli fall deposits were dispersed in proximal

and medial localities into two main lobes to the SE and N from the Tarawera dome complex, with
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deposition of ash beds over a wide-S® area, >100 km from the sourc&if. 3.3. The bi
lobated distribution of the fall deposits was characteriseddinetapyEngel et al(2014), where
individual multiple fall deposit lobes were identified in medial to distal afeaisn et al.(2001)
suggestedhat the main explosive activity concluded with the coeval, initial extrusion of a lava
dome named Crater Dome (estimated volume 3”0 which was covered by the later domes,
named Ruawahiand Tarawera. The total fall deposit volume of the Plityge activity was
more than doubled at 15.5 Rr{v.34 kn? recalculated DRE) byahetapyEngel et al.(2014)
compared to previous estimations at ~5 kivairn, 2003, making the Kaharoa eruption ewof

the largest eruptions to have occurred in the-gbsta eruptive period of the OVC (¢flairn,
2002. Individual fall deposit volumes were estimated at between ~0.1 to 2.5k to 1.15

km® DRE) (SahetapyEngel et al., 201y In addition, an eshated~1 kmvolume of deposits was
emplaced during minor ash explosions and pyroclastic density current (PDC) producing events.

The vent location(s) from which the main explosive activity developed is not well constrained
due to the lack of very proximal exposures within Mt Taraw@@hetapyEngel et al., 2014
Based on proximal ballistic trajectories and tree trunk alignmertntavas suggested at Crater
Dome vent for the SE dispersed fall depositgi(n et al., 200}, while vent location(s) for the N
dispersed fall deposits remains more uncertain with sources at either Wakaingaial., 200)L

or Ruawahia vent&SahetapyEngel et al., 2014(Fig. 3.2.

During the domdorming activity of the eruption, three lava domes (individual dome volume
estimated at-2x1( m®), Tarawera, Ruawahia and Wahanga, were emplaced from three different
aligned vents onto previous prkaharodavas (Nairn et al., 200)l(Fig. 3.2). Block-and-ash flows

(BAFs) accompanied dome growth, and their deposits formed two main fans extending S and SE
from Ruawahia and Tarawera Domes and NE from Wahanga Dome (white arrdigs 38),

while a smaller BARan also extends to the NW from Ruawahia Dome to Lake Taraweran(

et al., 2001; Hanenkamp, 20Q1The extrusion of the three domes Tarawera, Ruawahia and
Wahanga was shortly preceded by repeated minor explosions building a pyroclastic cone (RC
beds inNairn et al., 200)Laround an adjacent vent (vent SHig. 3.2 to Ruawahia Dome vent.

The cone was later partially buried by Ruawahia and Wahanga Domes. Ash deposits accumulated
in medial sites atop the underlying lapilli deposits were associated wthseons during the
pyroclast cone building and lava domes growth (unit Mi@rn et al., 2001SahetapyEngel et

al., 2014. A fifth small lava extrusion (estimated volume 5%h@) named Green Lake Plug
(Poupoutunoan Keam, 2019 also occurred at amncertain time during the eruptiohldirn et

al., 200) and is located at the SW end of the Kaharoa vent alignment, on the {ol@geyast

shore of Lake Rotomahana (vent 1Fig. 3.2. The total volume of the various lava domes is
estimated at 0.84 kinwith associated blockndash deposits volume at 0.16 kfhairn et al.,

2007).
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No written historical accounts are available for the Kaharoa erugtiaimn( et al. 200). The

eruption possibly coincides with the first Polynesian settlements in New Zdaland et al.,

2003. Lowe et al. 2002 and Ashwell et al.2015 UHSRUW WKH H[LVWHQFH RI O-
possibly referring to a pr&886 CE eruption at Mt Tarawera. The total duration of the eruption is
estimated at ~4 years based on geologicalemde and assumed extrusions rates for the Kaharoa

lava domesNairn et al., 200)L The duration of the initial main explosive activity only is instead
estimated by Sahetajiyngel et al. 014 at a minimum of 912 days, based on accumulation rate

of fall deposits, and up to 40 days according to Nairn ep@1j.
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Figure 3.3 Distribution of the Kaharoa fall deposits in the North Island of New Zealand showing isopach
map of the deposits total thickness (in cm) redrawn after SahBtagsl et al. 2014). Individual fall
deposit isopach maps are reported in Saheaqgel et al.Z014). Inset show the distribution of the visible
distal limit of the Kaharoa deposit reported as3-dm isopachRullar and Birrell, 1978

Repeated basaltic dike injeati® in the rhyolitic magma body which fed the Kaharoa eruption
were inferred as the trigger of the eruption based on the analysis of basaltic clasts scattered in the
pyroclastic deposits and basaltic inclusions within the Kaharoa pumice clastsa(d et b,

20032. A series of hydrothermal explosions across the WaieRgomahana geothermal fields,
~10-20 km SW of Mt Tarawerae(g.,at Lake Okaro), within the Tarawera vent lineament, were

linked by Nairn et al.Z005 to the time of the Kaharoa erupti@uggesting the presence of an
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active, ~23km-long basaltic dike system at depth. Associated deposits, crater formation and
dynamics of these hydrothermal explosions are also detailed in Montanaro2€28l.and in
Gallagher er al.2020).

Nairn et al. 2004 inferred that the eruption sequentially tapped a layeredikgilmagma body
formed by two main higfsilica, rhyolitic magma compositions (7@ wt.% SiQ), named T1 and

T2. Erupted materials of T1 magma have slightly highep &id kKO, and lowelCaO and F£s

bulk compositions than those of T2 magma. The T1 magma was erupted during the main Plinian
type explosive activity and was measured for the deposits dispersed to theiSE( al., 2004;
SahetapyEngel et al., 2014 A conduitderived mimgled composition of the two T1 and T2
rhyolitic magmas (named T1+2) was also erupted during the PRliyyen activity and is
associated with deposits dispersed to théldlrq et al., 2004; Sahetajisngel et al., 2014 The

T2 magma was erupted insteadetahs lava domes. All lava domes have T2 composition,
excluding the small volume Green Lake Plug lava which has T1 compositiam et al., 200
Rhyodacite bulk compositions (62 wt% SiQ) were also measured for scattered clasts within
the pyroclasti succession and are inferred to derive from the mingling, with some degree of melt
mixing, of the highsilica magma in the lower parts of the-ille magma body with the residual

melt from the intruding and crystalising basaltic magniasr et al., 204).

3.3 Methods

3.3.1 General field terminology

The termgroximal medial anddistal are used here to refer to outcrop localities (i) within 5 km
from the vent, (ii) between 5 and 20 km from the vent and (iii) beyond 20 km from the vent,
respectively. Most of the outcrops studied are found in medial &feps3(4). In addition, the
termvery proximals used to refer at areas within the Mt Tarawera domes and their lower slopes,
typically up to 3 km from the veriKaharoa deposiidentifies the whole succession of pyroclastic
beds emplaced during the explosive phases of the eruption,depibsitor bedaloneis used to

refer to any body of volcaniclastic material within the studied outcrops, without any stratigraphic
designation or genietorigin. Pyroclasticdepositindicates primary volcaniclastic deposefsu
White and Houghton, 2006wvhereas deposits formed by ssmuptive or immediate postruptive
resedimentatiof pyroclastic deposits are referred heregesedimented volcaniclastic deposit
(sensuMcPhie et al., 1993
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Figure 3.4 £+Shaded relief map of the studied area with locations of the investigated stratigraphic sections.
Stars indicate the position ofdlKaharoa eruptive vents inferred by Nairn et 200(), with the yellow

start marking the position of Ruawahia vent. The shaded relief map and drainage system of the studied area
are obtained from Land Information New ZealandNZ, data component of éhTopo50 and Topo250

map serieshttps://data.linz.govt.nz

3.3.2 Field and interpretation approach

The pyroclastic sequence deposited during the Kaharoa eruption was investigated at 33 sites,
mostly southsoutheast, and northeast from Mt Tarawera, in proximal to medial &iga8.4).
Coordinates of each site are reportedppendix A. Deposits in very proximal areas were not
accessible during this work due to burial by later lava domes extrusion anddiyandash

flows deposits, and to thick vegetation cover. Accumulation of thick scoria deposits within the
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CE 1886 eruptive fissure cutting SME Mt Tarawera$able et al., 200@lso prevent detailed
observations of the underlying neant Kaharoa bexd Field observations were taken at natural
and road cuts, quarries and at halug) sections. At each site, a detailed stratigraphic log of the
pyroclastic succession was measured and described, recording the distinctive lithological and
sedimentologicalltaracteristics of individual beds. Particular attention was drawn to the contacts

between each pyroclastic bed to record evidence of time breaks in the eruptive activity.

As uncertainties remain in the timing and locations of vents active during theoargitsource

too-RXWFURS GLVWDQFHVY UHSRUWHG LQ WKLV ZRUN DUH PHDVXUHG
Dome (vent 4 irFig. 3.2 vent in yellow inFig. 3.4), if not otherwise specified. The Ruawahia

vent, buried by the later dome, is located approtéigan the middle of the-8m-long Kaharoa

vents alignment described Nairn et al. 2001).

The Kaharoa deposit is subdivided in this study into units based on the lithological and
sedimentological characteristics observed at the outcrop scale (mean deposit grain size and

sorting, clast size grading, particle content, colour and sedimentaryustuas well as based on

WKH XQLWVY VSDWLDO GLVWULEXWLRQ DQG VWUDWLJUDSKLF SRV
here identified are therefore intended as lithostratigraphic w@ts_(icchi, 2013; Marti et al.,

2019. A unit may consist o& single bed or a package of beds, which form aassdmblage

distinguishable from the oveand underlying units. Abrupt changes in the sedimentary structure

of the deposit, grain size characteristics and type and proportion of pyroclasts (componentry),

commonly defines boundaries between units.

Units arerelatedto individual depositional events during the eruption sequence (e.g., a fallout
event), which are later interpreted in terms of the type of eruptive activity (e.g., a sustained
subplinian activiy or a transient Vulcanian explosionyithin the pyroclastic succession, units
showing similar features are grouped into deposit types (&gghton et al., 2004; Pardo et al.,
2011; Voloschina et al., 20§0suggesting similar transpegepositional rechanisms and
eruptive processes at source, occurring at repeated times during the eleggtical variations

in sedimentary/lithological characteristics within a unit are related to temporal changes in eruptive
and/or environmental conditions influengi the transport and deposition of the pyroclasts

forming the unit.

Based on the type of contact between units and on other lines of evidengetérpreted delayed

ash sedimentation from parental eruptive columns) suggesting short time breaksqluawys t
(e.g.,Wilson, 200) the eruption sequence is subdivided in discrete-grnation episode®(g.,
Fierstein and Hildreth, 1992An episode is defined here as an interval of time during the eruption
characterised by a relatively continuous emsptactivity bounded by short time breaks and

exhibiting a consistent eruptive styl@ne or more units represent deposition during an-intra
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HUXSWLRQ HSLVRGH )LQDOO\ EDVHG RQ WKH UHFRQVWU X|
eruption sequencis later organised into eruptive phases, according to the dominant inferred
eruptive style €.g.,Cioni et al., 2003; Arce et al., 2005; Saucedo et al., 2010; FOm@sco et

al., 2019 andor the identification of prolonged time breaks (a week up evarhonths) in the

eruptive activity €.g.,Mele et al., 2011; Bebbington and Jenkins, 3019

3.3.3 Analytical methods

At key sites (sections 2, 18, 24 and ER). 3.4), samples were collected for laboratory analysis
to quantify the main sedimentological (grain size distribution) and lithological (componentry of

the deposits) features of the pyroclastic succession.

The grain size distributiofGSD)of individual beds waobtained by combining results of manual
VLHYLQJ FRQGXFWHG RQ WKH SDUWLFOH 1UD MWIithRY® ZLWK
iORRlI WKH SDUWLFOH GLDPHWHU LQ PP DQG RI ODVHU GLII
Samples were dried fobW OHDVW K LQ DQ RYHQ DW 7 f & DQG ¢
05¥LQWHUYDOV 7KH |1UDFW L RQuas Ri&vetd\bi khnd/dhakiQg to mmimize
DUWLILFLDO EUHDNDJH RI SXPLFH FODVWYV 246idG4A WdKH |IUDF
dry sieved using a mechanical shaker for a maximum of five minutes. The grain size distribution

RI WKH UHPDLQLQJ IUDFWLRQ ILQHU WKDQ YvidaserFKDUD
diffraction particle analysis, using a laser diffraction pagtisize analyser, model Partica LA

950V2 of HORIBA, Ltd. at Massey University. The grain size distribution parameters median
diameter and sorting coefficients (MdD Q & réspectively) are calculated accordingrtman

(1952. Sorting classefor pyroclasic deposits adopted in this woake modified fornCas and

Wright (1987 DV IROORZV Y HW¥a02H 0 @® UDANRH &/ Rikilerdtely sorted,

1¥=2+ SRRUO\ ¥RBHW¥HIBU\LS RR U &\V.\E6nd svidH@houyh 89 is referred

for grain sizenomenclaturesThe complete dataset for results from grain size analyses is reported

in Appendix B.

The relative abundance of clast components was estimated for different individualgraared

(coarse ash to lapitilominated) units. Typichl, one bulk sample was collected when the unit
showed no sharp vertical variations in grain size/componentry in the field, whereas two set of
samples (one from the bottom and one from the upper parts of the unit) were collected when the
unit showed eithebedding or had thickness >50 cm. Samples for componentry analysis were
collected at the two reference sections, to the north and south of Mt Tarawera (sections 2 and 24,
Fig. 3.4. These two sites are located at approximately equivalent distance freemtl{g7 km).

Additional samples were collated at section Fgy( 3.4 for unit L7S. Different types of
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components were recognised and separated by hand picking under a binocular microscope from
HDFK JUDLQ VL]H FODVV G RCOQpiNdrtsswer® therJcountedRand weighed,
DQG UHVXOWY DUH UHSRUWHG LQ ZW -8 mm WheFcRbporémtryJUDLQ VL]HV
analysis is performed in the entire particle population of each grain size class (as typically particle
populations consted of less than 250 patrticles), while for finer grain sizes componentry analysis

is performed on aliquots of 3800 particles loughton and Carey, 20).8Nith respect to the
whole-sample weight, the percentage of the sample analysed for componentypiaalty >90

wt.% for samples of lapildominated deposits, and 80 wt.% for samples of coarse ash
depositsThe complete dataset for results from componentry analyses is repokigokimdix C.
Vesicularity of juvenile clasts reported in the text @escriptive visual estimations; vesicularity

is described followindHoughton and Wilson1©89. Additional data on bulk clast density and
phenocryst content of some juvenile components are reported in this Chapter, however, they are
detailed in Chapter 5.

3.4 Results

3.4.1 Deposit features and stratigraphy

3.4.1.1 General characteristics of the Kaharoa deposit

The Kaharoa deposits are mainly distributed into two directions, south and southeast (S sector)
and north and northeast (N sector) from Mt Tarawera. To a lesser extent, proximal and medial
deposits have been observed also to thesemgheast (sections 287 and 28Fig 3.4). To the
southwest, the Kaharoa beds thin rapidly away from the vent and have not been observed west
from Lake Tarawera. The proximed-medial Kaharoa deposit consists of alternating plane
parallel, cm to- dmrthick, lapilli-dominatedbeds and crthick ash beds, mantling the paleo
topography, later interpreted as fall deposits. Within the studied area, the succession comprises
also topographically controlled, ento- m-thick, pumice lapillibearing, ash deposits, later

interpreted asyoclastic density current (PDC) deposits.

One of the most notable features of the pyroclastic succession, especially in the S sector, is the
repeated stacks of lapilli deposits separated by discrete astFipds §). These intefapilli ash
beds areypically few-cm-thick up to medial sites, moderately sorted, with fine ash content (<63

pum) between ~40 and 65 wt.%. Where preserved, the fine ash beds helped in subdividing the
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stratigraphy into units and to laterally correlate them among different pstddowever, lateral
correlations are not always straightforward, as thefohstructure of the pyroclastic succession
(lapilli and ash beds pairs) is not maintained at each site in medial areas. This is usually due to
the narrower and limited dispers#lthe fine ash beds compared to the areal distribution of the

lapilli beds.

The lapilli beds within the pyroclastic succession are formed by moderately vesicular, phenocryst
poor, white to yellowish (with typically white interior), s@mgular to sulsounded pumice clasts
(hereafter white pumice) and by subordinate obsidian juvenile and lithic fragments. In addition,
the lapilli beds dispersed to the eastitheast and north from Mt Tarawera also contain
phenaocrystich, greyishcoloured pumice clasts wrabundant basaltic inclusions (hereafter grey

pumice). Rare basaltic clasts are found scattered throughout the pyroclastic succession.

The contacts between pyroclastic beds in the succession are typicalipataliel and vary from

sharp, marked by thabrupt changing in grain size, to gradual. Erosive surfaces within the
pyroclastic sequences are infrequent. The most prominent erosive surface is observed in the S
sector, consisting in dideep erosional gullies at one stratigraphic horizon (i.e., com¢agten

A3 and L3 unitsfig. 3.95. Similar dmthick erosive gullies are reported also by Sahetapyel

et al. 019 higher in the stratigraphic sequence (i.e., contact between units L6 and A7). No major
erosive unconformities or paleosols have beermesl in the field at any outcrop, suggesting

that the deposition of the different pyroclastic beds occurred without extensive pauses during the
eruption (e.g., years longgaia et al., 2004

In medial areas, the Kaharoa deposit is bracketed betweenwa paleosol developed atop of

WKH SXPLFH GHSRVLWV IURP WKH Wilsoti and®\W/aker X1985; kowtU X SW L
2019 and a thin black soil underlying the scoria deposits of the CE 1886 Tarawera eruption
(Walker et al., 1984; Rowe et al., 202ThH 7DXSA SXPLFHV IRUP -tHitkMiKeHU D G
to medium lapilli layer or discontinuous pockets within thelgadaroa paleosol. In the absence

of marker beds, the diagnostic biotite phenocrysts content of the Kaharoa pumice clasts was used
to distnguish the Kaharoa deposit from other older similar deposits from Mt Tarawera and nearby
centres along the Haroharo vent lineameétdiin et al., 2004; Lowe et al., 200t several

outcrops in proximal and medial areas, the Kaharoa deposit directlyesvertlistinct greyo-
purplecoloured layer consisting in weathered volcanic material, medium to fine ash in size, with
scattered lapilli pumice clasts, namediaker in this work Appendix A for field photos). The

contact of the Rayer with the Kaharodeposit varies from plangarallel to undulated and is

marked by a laterally discontinuous thin black peat horizon (typicallynfiewthick). The Player

has always been found in the southeast and east outcrops, having a variable thickness (3 up to 20

cm). At northern localities, the-Ryer is not well preserved and when observed it fades rapidly
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into the underlying brown paleosol. Lowe et @012 and Lowe 201§ refer to this layer as a
buried podzol soil with exposed leached E and Bh horizons, ocdurihnQ W K H &( 7DXSA

deposits.

Figure 3.5 tField photos of the studied pyroclastic succession. (a) Panoramic view of the Kaharoa deposit
at reference section Eif. 3.4), at 6.7 km south from the vent. (b) Zoom on section 2. (c) Reference section
24 (Fig. 3.4, at 7.4 km north from the vent. Bdivision of the deposit in units (Al to BS) is indicated in

(b) and (c) (spade is 1 m long in both sections). Note erosional gully at the contact between units A3 and
L3.

Topographically controlled, lava blogich and asksupported deposits from-nap to tens of
meters thick, overlie the lapilli and ash pyroclastic succession both south (at sections 18, 14 and
2) and northeast (at sections 23 and 30 along the Waiawmstadley) Fig. 3.4). These deposits

are interpreted as blo@ndash flows (BAF) occurring during the extrusion of the Kaharoa lava
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