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Abstract 

Rhyolitic eruptions are commonly sourced from silicic caldera systems and display a great variety 

of eruptive styles and magnitudes, ranging from the extrusion of lava domes to catastrophic 

caldera-forming eruptions. The different types of eruptions associated with rhyolitic volcanism 

can result in severe impacts to the environment and society, varying from a local to a global scale. 

Yet, due to their typically longer recurrence times compared to volcanic events of less evolved 

magmas, only a very limited number of rhyolitic eruptions have been documented in historical 

accounts or recorded through geophysical monitoring. This lack of direct records limits the 

current understanding of the main processes controlling the dynamics of rhyolitic volcanism and 

hinders the construction of robust eruption scenarios. 

This study presents new insights into the eruptive behaviour of rhyolitic eruptions using the 

Kaharoa eruption from the Taup�À Volcanic Zone (TVZ) of New Zealand as a case study. The 

TVZ is one of the most frequently active regions of rhyolitic volcanism on Earth with the 1314±12 

CE Kaharoa eruption being the most recent rhyolitic event in the TVZ. This eruption is sourced 

from multiple vents along the Tarawera dome complex, within the Okataina caldera system, and 

erupted up to 9 km3 of magma. By investigating the Kaharoa pyroclastic succession, this research 

contributes to constraining the key factors controlling the dynamics of moderate- to large-scale 

rhyolitic eruptions occurring in 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 single-clast features (e.g., bulk 

density and textures of vesicles in pumice clasts). 

Field-stratigraphic relationships of 24 lithostratigraphic units for the Kaharoa deposit elucidate 

the intra-eruption chronology, placing time constraints on the numerous, discrete explosive 

episodes, while revaluating previous stratigraphic schemes. From variations within the 

stratigraphy in sedimentary structures, grain size and particle content of the pyroclastic beds, an 

array of deposit types is identified and linked to temporal changes in transport and depositional 

patterns as well as eruptive styles. Five distinct explosive eruptive phases are established for the 

Kaharoa eruption. These include multiple phases of repeated subplinian-type, fall-dominated 

episodes, alternating with phases characterised by overall sustained pyroclastic density currents 

and episodes of ash emission. A final sixth phase places the main lava dome building sequence 

within the proposed reconstruction and eruption model. 

Following constraints on the eruption from field-derived data, an in-depth investigation of the 

Kaharoa pumice microtextures is performed using Scanning Electron Microscopy, which 

revealed complex and anisotropic vesicle textures. To characterise the observed complex vesicle 
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features of the Kaharoa pumices, a methodology is developed providing guidelines for the 2D 

quantification of tube-like vesicles. The integration and interpretation of the pumice textural 

results along the stratigraphic sequence indicates that the main processes that regulate the 

evolution of the magma during ascent in the shallow conduit region are magma shearing, bubble 

coalescence and outgassing. These factors provide bounding conditions for magma ascent 

dynamics and indicate cyclical variation in the eruption behaviour. Furthermore, by combining 

textural, sedimentological and componentry data, this study suggests that the inferred dike-shaped 

geometry of the conduit, together with conduit-vent wall instabilities, are primary factors in 

controlling: (i) the intrinsic responses of the magma to ascent and decompression to the surface 

and (ii) the characteristics of the ejected gas-pyroclasts mixtures, influencing the transport-

sedimentation regime. The dynamic magma-conduit interrelationships ultimately govern the 

changes in eruptive styles and overall dynamics of the Kaharoa eruption. 

This research defines a framework to relate depositional and textural characteristics to eruptive 

processes and provides critical insights into the types of eruptive sequence and eruptive style 

changes of intra-caldera rhyolitic eruptions. The scenario depicted for the Kaharoa eruption 

highlights the complex episodic, multi-phase, explosive to dome-forming nature of dike-fed 

rhyolitic eruptions. Furthermore, it provides crucial information for scenario-based volcanic 

hazard assessments of a Kaharoa-type eruption at Okataina and at other rhyolitic centres within 

the TVZ. Finally, comparing with available datasets from other volcanic events of similar 

magnitudes, magma composition, and geological settings, 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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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 Nairn (2002). The inset shows tectonic 
settings of the southern Hikurangi-Kermadec (HK) subduction margin and locations of the OVC in the 
TVZ within the North Island of New Zealand. .......................................................................................... 52 

Figure 3.2 �± (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 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 (Crater 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 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 Kaharoa block-and-ash flow 
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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 Sahetapy-Engel et al. (2014). Individual fall 
deposit isopach maps are reported in Sahetapy-Engel et al. (2014). Inset show the distribution of the visible 
distal limit of the Kaharoa deposit reported as ~1-3-cm isopach (Pullar and Birrell,1973) ........................ 57 

Figure 3.4 �± Shaded relief map of the studied area with locations of the investigated stratigraphic 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 from Land Information New Zealand - LINZ, data component of the Topo50 and Topo250 
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Figure 3.5 �± Field photos of the studied pyroclastic succession. (a) Panoramic view of the Kaharoa deposit 
at reference section 2 (Fig. 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. Subdivision of the deposit in units (A1 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 
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Figure 3.6 �± Representative 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 red lines indicate 
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) Massive lapilli 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 plane-parallel- to cross-laminations (see also f and g) with few laminae 
being oxidized. (b) Massive lapilli unit L7S at S28, east form the vent. (c) Weakly stratified lapilli unit L5 
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Figure 3.7 �± Reconstructed stratigraphy and proposed unit subdivision of the Kaharoa pyroclastic 
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Figure 5.21 �± Schematic model illustrating the main changes through time in shallow conduit dynamics 
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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 
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(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, 4MFA = massive, fine ash deposit, 5ldA = laterally discontinuous, ash deposit, 6LbA 
lapilli -bearing, ash-supported deposit, 7vcA = variably consolidated ash deposit; BAF indicates deposit 
from block-and-ash flows. (b) Schematic visualisation 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 Figure 3.2 (D=dome; 
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 activity varied (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 columns, b indicates oscillating sustained 
columns, c indicates partial column collapses from sustained columns and d indicates the fine ash settling 
mainly occurring when the column had ceased. (d) Schematic visualisation of conduit dynamics. (d1) and 
(d2) show variation 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 depth of the fragmentation zone likely varied during the eruption 
sequence. In (d1) the evolution of the conduit is shown for the entire Phase A: in A1 (eruption onset) the 
conduit paths are poorly connected from bottom to surface; in L1 (first subplinian column) erosion and 
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 low-intensity 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 conduit-vent. In (d2) two examples are represented: in L3, disruption 
of the obsidian plug by new gas-rich ascending magma leads to onset of Phase B and subplinian activity; 
in L5 a case is made for conduit-vent instabilities (wall collapses) leading to oscillating subplinian columns 
(see text for more details). (d3) Illustration of magma ascending through a dike-shaped conduit (modified 
after Gonnermann and Taisne 2015) showing cross-conduit velocity gradient and magma densification at 
the conduit walls. (d4) Illustration of the inferred variable conduit diameter between 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 area of the conduit as conduit diameter decrease (e.g., Mitchell et al., 2019) .... 234 
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1.1 Project definition  

 

1.1.1 Research motivations  

Volcanic eruptions are among the most spectacular phenomena occurring on Earth. Fundamental 

research is needed to continuously improve the current understanding on the nature and dynamics 

of eruptions and how volcanic systems work and evolve over time (Cashman and Sparks, 2013; 

Acocella, 2014). Along with the investigations of volcanic processes and their products, over the 

last forty years (post-1980 eruption of Mount St. Helens, USA) the focus of research in 

volcanology has increased towards eruption scenario forecasting (e.g., Newhall and Hoblitt, 2002; 

Marzocchi et al., 2004) and on how to quantify the impacts of numerous volcanic hazards (e.g., 

Barberi et al., 1992; Bebbington et al., 2008; Del Negro et al., 2016; Biass et al., 2017; Sandri et 

al., 2018; Lube et al., 2020). Volcanic eruptions can have devastating effects on the communities 

and infrastructures near active volcanoes (Wilson et al., 2014; Deligne et al., 2017) and might 

have global scale consequences on the environment (therefore on modern society), as volcanic 

ash particles can travel over wide areas from the eruptive vents and can remain suspended in the 

atmosphere for prolonged times (Mackie et al., 2016).  

Typically, moderate- to large-scale explosive eruptions, here defined as eruptions depositing a 

total volume of pyroclasts between 0.1 and 100 km3 (Table 1.1), consist of a composite succession 

of individual eruptive phases (see Fisher & Schmincke 1984; Cioni et al., 2015; Martí et al., 2018). 

Eruptive phases represent a discrete time-interval during the sequence of a single eruption (Cioni 

et al., 2008; Bebbington and Jenkins, 2019) characterised 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 magnitudes (sensu Pyle, 2015), and (iii) styles of 

the resulting eruptive activity and transport-deposition mechanisms of the erupted products (see 

Table 1.2). Similar eruptive phases may repeat sequentially during an eruption or may alternate 

with eruptive phases of different styles, separated or not by short (hours/days to months) time 

breaks (e.g., Askja 1875, Sparks et al., 1981; Novarupta 1912, Fierstein and Hildreth, 1992; 

Mount St. Helens 1980, Sarna-Wojcicki et al., 1981; Pinatubo 1991, Wolfe and Hoblitt, 1996; 

Chaitén 2008, Lara, 2009). Usually, a climactic or paroxysmal explosive phase (i.e., the 

magnitude- and intensity-largest phase in a single-eruption sequence) is preceded and/or followed 

by phases of lower magnitude and intensities (Siebert et al., 2015).  

Recent documented and instrumentally recorded eruptions at monitored volcanoes, as well as 

historical chronicles of past eruptions, can provide a dataset to understand eruption dynamics and 

scale future volcanic events a region may face. For historically documented eruptions, these data 
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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 end of an eruption. 

Although they represent invaluable source of information, limitations and uncertainties may arise 

on their sole application to the interpretations of volcanic phenomena and to hazard assessments 

(see Cashman and Biggs, 2014). Extensive written historical accounts are restricted to eruptions 

that occurred at volcanoes located close to large cities, usually describing only the largest-scale 

phase(s) within an eruption (notable examples from some historically active Italian volcanoes �± 

e.g., Somma-Vesuvius and Etna, Rosi et al., 1993; Branca and Del Carlo, 2004; Mulas et al., 2016 

�± and Japanese volcanoes �± e.g., Sakurajima, Fuji, Asama, Imura, 1998; Yasui and Koyaguchi, 

2004; Miyaji et. al, 2011). Whereas data from mid-20th century to present of monitored volcanoes 

are representative of the more frequent, but usually smaller-scale, eruptions (see Global 

Volcanism Program database, http://www.volcano.si.edu). 

Characterising the intra-eruption 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 usually the case at 

rhyolitic-dominated caldera systems. Due to their generally longer repose time compared with 

volcanoes fed by less evolved magmas (e.g., Bebbington, 2020), rhyolitic eruptions are 

underrepresented in the catalogue of historic volcanic events (White et al., 2006; Crosweller et 

al., 2012). The limited number of well-documented cases of rhyolitic eruptions (i) 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.g., 

Marzocchi and Bebbington, 2002), both for the smaller-scale events and for the super eruption 

case (Table 1.1 for eruption scale terminology).  

Field geology of volcanic terrains and eruption deposits, along with textural and petrological 

investigations of the erupted products, remain paramount tools even in modern volcanology to 

understand volcanic eruptions and volcanic systems (Cioni et al., 2021). Geological investigations 

are required to develop more comprehensive knowledge on the dynamics of rhyolitic eruptions 

and to build more robust eruption scenarios, accessing the information from past, non-

instrumentally recorded, volcanic events preserved in the geological record (see Groppelli et al., 

2019).  

Of great significance to gain a better understanding on rhyolitic eruptions and to better constrain 

the magmatic and eruptive dynamics at active silicic caldera volcanoes are the studies of 

moderate- to large-scale eruptions, not associated with extensive caldera-collapse events. These 

eruptions, althought smaller than the super eruption endmember for which caldera systems are 

usually known for (Wilson, 2008), are capable to erupt substantial volumes of magma, reaching 
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Plinian-type explosive intensities and might have regional to global environmental impacts. This 

study is designed to bring further attention and expand the knowledge on this type of rhyolitic 

activity which characterise the more recurrent style of volcanism at silicic caldera systems (e.g., 

Nairn, 2002; Hildreth, 2004; Hildreth et al., 2010; Barker et al., 2021; Sourisseau et al., 2020). 

 

1.1.2 Aim of the research and specific objectives 

The central aim of this research is to provide a better understanding of rhyolitic eruptions. 

Particularly, this research focuses on the eruptive dynamics and physical processes of moderate- 

to large-scale rhyolitic eruptions sourced from intra-caldera settings. Intra-caldera eruptions are 

defined here as those eruptions having eruptive vents located within or immediately outside silicic 

caldera systems (e.g., Heiken, 1990; Hildreth, 2004; Sourisseau et al., 2020), and occur after a 

major caldera-�F�R�O�O�D�S�V�H���H�Y�H�Q�W�����9�(�,�•�����H�U�X�S�W�L�R�Q�V�����R�U���L�Q-between major caldera-collapse events for 

polycyclic caldera systems (Lipman, 2000; Cole et al., 2005; Bouvet de Maisonneuve et al., 

2021).  

The field area chosen for this research is the Okatai�Q�D�� �9�R�O�F�D�Q�L�F�� �&�H�Q�W�U�H�� ���/�D�W���� �����ƒ�����•�6���� �/�R�Q�J����

�������ƒ�����•�(�������W�K�H���Q�R�U�W�K�H�U�Q�P�R�V�W���D�Q�G���D�F�W�L�Y�H���U�K�\�R�O�L�Wic centre of the �7�D�X�S�À Volcanic Zone, in the North 

Island of New Zealand, which hosts the Okataina caldera system (Nairn, 2002; Wilson and 

Rowland, 2016). The Okataina caldera is widely known in the volcanological literature for 

comprising Mt Tarawera, a NE-trending, cluster of rhyolitic lava domes and coulees from which 

the historic basaltic Plinian eruption of 1886 CE took place (Walker et al., 1984; Keam, 1988; 

Rowe et al., 2021). 

During the past 25 kyr, nine moderate- to large-scale rhyolitic eruptions occurred from multiple 

vents within the Okataina caldera (Nairn, 2002). The most recent rhyolitic event of the centre 

occurred at ~636±12 cal. yr BP (calendar date 1314±12 CE; Hogg et al., 2003; Lowe et al., 2013) 

and it is known as the Kaharoa eruption (Grange, 1937; Pullar et al., 1973; Froggatt and Lowe, 

1990; Nairn et al., 2001). This eruption represents to date the youngest volcanic events involving 

rhyolitic magmas in New Zealand and is the largest volume eruption �V�L�Q�F�H�� �W�K�H�� �������� �&�(�� �³�<�´��

eruption of �7�D�X�S�À volcano, the other active caldera system of the �7�D�X�S�À Volcanic Zone (Wilson 

and Walker, 1985; Wilson, 1993).  

Using the pyroclastic succession emplaced during the Kaharoa eruption, this study investigates 

the eruptive styles, sequences and dynamics of intra-caldera rhyolitic eruptions. The goals of this 

research are accomplished through field investigations of the pyroclastic deposits and by the 

quantification and evaluation of the textural characteristics of the erupted juvenile pyroclasts. The 

overarching aim of this thesis is achieved by addressing the following specific objectives:  
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Objective 1 �± Characterisation of the pyroclastic succession emplaced during the Kaharoa 

eruption to define the timing of events and the temporal changes in eruptive and depositional and 

patterns.  

Objective 2 �± Development of an approach to quantify complex and anisotropic vesicle textures 

from pumice clasts using Scanning Electron Microscope �± backscattered electron (SEM-BSE) 

images.  

Objective 3 �± Constrain the dynamics of magma ascent in the shallow conduit and evaluate how 

conduit processes influenced the observed variations in deposit characteristics 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 

This thesis is comprised of seven chapters designed around the central aim of better understanding 

the dynamics of rhyolitic eruptions from intra-caldera settings. The thesis also includes 

appendices of the complete dataset produced and used during this research.  

Following this introductory chapter and a review chapter on the Okataina Volcanic Centre, each 

of the chapters forming the main body of this thesis is self-contained and structured in the form 

of journal research articles. These chapters include an introduction to the topic investigated, a 

methodology section detailing approaches and analytical techniques used, a result section 

reporting the data obtained, a discussion around the data and topic of the study and conclusive 

remarks summarising the main findings. Therefore, some repetitions can be found in the thesis 

(e.g., the introductory and background sections of Chapters 3, 4 and 5). A separate methodology 

chapter is not provided in this thesis, instead the methodologies used to achieve individual 

research objectives are included in each of the pertinent chapter. References 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 Chapters 3, 4 and 5 is reported in the format of 

the Massey University DRC16 form in Appendix G.  

Chapter 1 �± Introduction  

This chapter highlights the research motivations and defines the 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 the volcanism of the �7�D�X�S�À Volcanic Zone and on concepts inherent in silicic 

volcanism. 

Chapter 2 �± The Okataina Volcanic Centre 

This chapter details the geological background and volcano-tectonic settings of the study area. 

The chapter further reviews the eruptive history of the Okataina Volcanic Centre based on the 

available data, focusing on the intra-caldera rhyolitic volcanism following the Rotoiti/Rotoehu 

major caldera-forming eruption.  

Chapter 3 �± Deposits and stratigraphy of the Kaharoa eruption  

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 deposits, this chapter addresses Objective 1 of this research. This study revaluates the 

stratigraphic sequence of the Kaharoa deposit, placing more constraints on timing of eruptive 

events and on intra-eruption time-breaks. The sedimentary structures of the identified 

lithostratigraphic units, together with 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 textures in pumice clasts 

Following the discovery and description made during fieldwork and componentry analyses 

regarding vesicle textural features of the Kaharoa pumices, this chapter gives guidelines and 

presents an approach on how to quantify vesicle attributes (e.g., vesicle size, shape and number 

density) from complex and anisotropic vesicle textures in pumice clasts using SEM-BSE images. 

This chapter addresses Objective 2 of this research.  

Chapter 5 �± Magma conduit dynamics during the explosive phases of the Kaharoa eruption  

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

clasts of intra-caldera rhyolitic eruptions from Okataina, addressing Objective 3 of this research. 

By applying the workflow presented 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 deposit. This 

dataset is produced for the coarse-grained (lapilli -bearing) units along with the reconstructed 

stratigraphy and provides constraints onto the dynamics of magma ascent and 

degassing/outgassing in the conduit during the eruption. Furthermore, the textural data are 

correlated to the deposit types and componentry characteristics of the investigated units to 

evaluate the role of shallow conduit processes in controlling the eruption dynamic. 
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Chapter 6 �± Synthesis: an integrated view of dike-fed, intra-caldera, rhyolitic eruptions 

This chapter integrates the findings arising from the previous chapters and addresses Objectives 

3 and 4 of this research. Furthermore, the studied eruption is here compared to other similar 

rhyolitic events both locally and globally and its significance in terms of traditional volcanic 

eruption classifications is discussed.  

Chapter 7 �± Conclusions and future work   

This chapter reviews the work conducted during this research, 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 worth exploring for future work. 
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Table 1.1 �± Simplified scheme of explosive eruptions of silicic and intermediate magmas with New Zealand examples (caption continues next page). 

Eruption 
group 

Pyroclastic deposit  
volume 

Erupted magma  
volume (DRE) VEI Common and/or intensity-

largest eruption styles 

New Zealand 
examples 

(km3) (m3) (km3) (m3) Intermediate Silicic 

Small to 
moderate  

10-5 �± 10-3 104 �± 106 

<0.01 <107 

1 Ash-ballistic outburst  Whakaari [1]  - 

10-3 �± 10-2 106 �± 107 2 
Semi-continuous ash 
emission / transient 

Vulcanian pulse  

Tufa Trig 
(T2; T14) [2]  

�7�D�X�S�À W [3] 

10-2 �± 10-1 107 �± 108 3 
Multiple Vulcanian pulses/ 

Violent strombolian / 
Subplinian  

Tufa Trig 
(T13) [2] 

Puketarata[4] 

�7�D�X�S�À ���� [5]  

Moderate to 
large  

10-1 �± 1 108 �± 109 

~0.01 �± 10 ~107 �± 1010 

4 
Multiple Vulcanian pulses/ 

Subplinian 
Burrell Lapilli 
[6] �7�D�X�S�À V [7]  

1 �± 101 109 �± 1010 5 Plinian 
Bullot Fm. 
(Mgt; Sw; 
Our; Ak) [8]   

Waiohau [9] 

Rotorua [10] 

101 �± 102 1010 �± 1011 6 
Plinian /  

small to int. ignimbrite  
(minor caldera collapse) 

- 
Waimihia[11]  
Kawerau [12]  

Very large to 
super 

102 �± 103 1011 �± 1012 
~10 to >450 ~1010 to  

>45×1010 

7 Int. to large ignimbrite  
(major caldera collapse) - Rotoiti [13] 

>103 >1012 8 
Large to super ignimbrite  
(major caldera collapse) - Oruanui [14] 

 

References for eruptions cited: [1] Whakaari (White Island) post-1976 CE to present (Houghton and Nairn, 1991; Kilgour et al., 2021). [2] Tufa Trig (T2; T13; T14) >1.8 ka Ruapehu eruptions 
(Voloschina et al., 2020; 2021). [3] �a�����������N�D���³�:�´���H�U�X�S�W�L�R�Q�����7�D�X�S�À caldera (Wilson, 1993; Barker et al., 2021). [4] ~16 ka Puketarata eruption, Maroa (Brooker et al., 1993; Kósik, 2018; Kósik et 
al., 2019). [5] �a�����������N�D���³���´���H�U�X�S�W�L�R�Q�����7�D�X�S�À caldera (Wilson, 1993; Barker et al., 2021). [6] 1655 CE Burrel Lapilli eruption, Taranaki (Platz et al., 2007). [7] �a���������N�D���³�9�´���H�U�X�S�W�L�R�Q�����7�D�X�S�À caldera 
(Wilson, 1993; Barker et al., 2021). [8] 27-10 ka Bullot Formation, Mangatoetoenui (Mgt), Shawcroft (Sw), Oruamatua (Oru), Akurangi (Ak) eruptions from Ruapehu (Pardo et al., 2012). [9] 
~13.6 ka Waiohau eruption, Okataina caldera (Speed et al., 2002; Nairn, 2002). [10] ~15.4 ka Rotorua eruption, Okataina caldera / Okareka embayment (Kilgour and Smith, 2008). [11] ~3.4 ka 
�:�D�L�P�L�K�L�D�����³�6�´�����H�U�X�S�W�L�R�Q�����7�D�X�S�À caldera (Wilson, 1993; Barker et al., 2020). [12] ~33 ka Kawerau/Unit I eruption, Okataina caldera (Jurado-Chichay & Walker 2000; Spinks, 2005; Cole et al. 
2010). [13] ~61 ka Rotoiti /Rotoehu eruption, Okataina caldera (Charlier et al., 2003; Cole et al. 2010). [14] ~ 25.5 ka Oruanui/Kawakawa eruption, �7�D�X�S�À caldera (Wilson, 2001; Barker et al., 
2021�������³-�´���Q�R�W���G�R�F�X�P�H�Q�W�H�G���� 
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Table 1.1 (caption continued) 

Simplified descriptive scheme of explosive eruptions of silicic (>63 wt% SiO2, dacitic to rhyolitic) and 
intermediate magmas (>53 wt% SiO2, basaltic-andesite to andesitic) according to their scale (total volume 
of pyroclastic deposit emplaced or erupted magma������ �Z�L�W�K�� �H�[�D�P�S�O�H�V�� �I�U�R�P�� �1�H�Z�� �=�H�D�O�D�Q�G�¶�V�� �F�D�O�F-alkaline 
�7�D�X�S�À Volcanic Zone (TVZ) and Taranaki volcano. Eruption subdivisions by pyroclastic deposit volume 
follows the VEI (Volcanic Explosivity Index) of Newhall and Self (1982). The main three-fold 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 Nakagawa (2018) and Miller and 
Wark (2008) for the very large to super eruption group (convention�D�O�� �O�R�Z�H�U�� �O�L�P�L�W�� �R�I�� �9�(�,�•���� �H�U�X�S�W�L�R�Q�� �L�V��
>1000 km3 or >450 km3 DRE). The moderate to large eruption group represent a midway term between the 
lower and upper scale eruption groups, where most Plinian-type magnitude eruptions would fall (see Cioni 
et al., 2015). Range for erupted magma volumes (DRE=Dense Rock Equivalent) are only approximations 
based on DRE values reported in the literature for eruption of equivalent VEI (e.g., Carey and Sigurdsson, 
1989; Carey et al., 2010; Pyle, 2015), and from available data in the eruption databases LaMEVE 
(Crosweller et al., 2012; Brown et al., 2014���� �D�Q�G�� �W�K�H�� �6�P�L�W�K�V�R�Q�L�D�Q�¶�V��GVP (https://volcano.si.edu/). 
Boundaries for the three eruption groups are not to be envision as sharp but flexible due to variable 
preservation status of pyroclastic deposit in the geological record (e.g., Todde et al., 2017; Cutler et al., 
2018; 2020; Voloschina et al., 2020) and to different sources of uncertainties in deposit volume estimations 
(e.g., Scarpati et al., 2014; Bonadonna et al., 2015a; Silleni et al., 2020). Names for the common and/or 
largest-intensity eruption styles follow traditional eruption style names (e.g., violent Strombolian; 
Vulcanian, Subplinian and Plinian) of Mercalli (1907) and Walker (1973), and less traditional terms (e.g., 
ash emission) from Miyabuchi et al. (2008), Martin-Del Pozzo et al. (2008�����D�Q�G���'�¶�2�U�L�D�Q�R���H�W���D�O������2011). The 
�W�H�U�P�L�Q�R�O�R�J�\�� �I�R�U�� �9�(�,�•���� �L�J�Q�L�P�E�U�L�W�H-style, usually caldera-forming, eruptions and their deposit volume 
follows Giordano and Cas (2021) (int. = intermediate volume ignimbrite). The terms minor and major 
preceding caldera collapse give a qualitative description of the extent of the caldera collapse event (see also 
Lipman, 1997; Cole et al., 2005; 2010; Geshi et al., 2014). The term ash-ballistic outburst is introduced to 
indicate instantaneous explosive events erupting a very limited magma volume, potentially generating a 
transient and directed pyroclastic density current and/or ash fall and ballistic shower (e.g., activity at 
Whakaari since 1976, Houghton and Nairn, 1991; Kilgour et al., 2021). If no magma is erupted, the 
�H�T�X�L�Y�D�O�H�Q�W���V�L�]�H���³�H�U�X�S�W�L�R�Q�´���L�V���D���V�W�H�D�P-driven, phreatic or hydrothermal explosion.   

 

 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER 1  INTRODUCTION 

10 
 

1.2 Background concepts: silicic volcanism  

 

The term silicic volcanism encompasses a broad range of eruption styles, magnitudes, intensities, 

and durations, associated with the eruption of high-silica magmas (>63 wt.% SiO2). Silicic 

eruptions vary from very large to super explosive eruptions, resulting in major caldera collapses 

and in the emplacement of extensive ignimbrite deposits, to the mild and slow extrusion of dense 

magma as lava domes or flows (Eichelberger, 1995). The volumes of magma erupted during 

silicic eruptions can range thereby significantly up to 8 orders (see Table 1.1), with magma 

discharge rates varying from one to millions of cubic meters per second depending on the type of 

activity (e.g., Newhall and Melson, 1983; Carey and Sigurdsson, 1989; Mason et al., 2004; Bryan 

et al., 2010; Pallister et al., 2013). 

Despite the extreme case of super eruptions (i.e., eruption producing a volume of the associated 

pyroclastic deposits �•���������������N�P3, Rampino, 2002; Miller and Wark, 2008; Wilson, 2008; Table 

1.1), of which 42 are known to have occurred in the past 36 Myr (minimum time-average eruption 

frequency estimates of 1.1 events/Ma; Mason et al. 2004), more commonly silicic eruptions 

cluster within the moderate- to large-scale eruption group, in the form of Plinian-type explosive 

events (see Section 1.2.2). On a dataset of 45 Pleistocene and Holocene Plinian-type eruptions 

compiled by Carey & Sigurdsson (1989), 80% of them are associated to magma of evolved 

compositions, with SiO2 higher than 60 wt.% (see also Cioni et al. 2015). 

Along with explosive Plinian-type eruptions, effusive dome-forming eruptions are also common 

during silicic volcanism. These involve the slow extrusion of degassed and highly viscous 

magmas, which accumulate around the eruptive vent (lava domes) and/or spreads downhill out of 

the vent (coulees or flows) (see Section 1.2.3). In some cases, lava dome-forming eruptions 

represent the dominant style of volcanism at some silicic volcanoes (e.g., Soufrière Hills, 

Montserrat, Lesser Antilles, Sparks and Young, 2002; Smith et al., 2007; Wadge et al., 2014; 

Maroa volcanic complex, New Zealand, Leonard, 2003). Although lava dome-forming eruptions 

comprise around 6% of the eruptions worldwide (Calder et al., 2015), silicic eruptions are often 

characterised by one or more effusive phase(s) which precede, intersperse, or follow the main 

explosive phase(s) (Newhall and Melson 1983; Heiken and Wohletz 1987; Eichelberger, 1995; 

Ogburn et al., 2015).  

Many historical and older cases of silicic eruptions are characterised by this mixed, explosive-

effusive eruption behaviours, including the four most recent (~150 years) moderate to larger scale 

rhyolitic eruptions: (1) The 1874�±1875 CE Askja eruption and rifting episode in Iceland (e.g., 

Sparks et al., 1981; Sigurdsson and Sparks, 1981; Carey et al., 2009, 2010); (2) the 1912 CE 
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eruption of Novarupta, Alaska, the magnitude largest eruption of the 20th century (e.g., Fierstein 

and Hildreth, 1992; Coombs and Gardner, 2001; Houghton et al., 2004; Adams et al., 2006; 

Gonnermann and Houghton, 2012; Hildreth and Fierstein, 2012); (3) the 2008�±2009 CE Chaitén 

eruption, Chile (Lara, 2009; Watt et al., 2009; Alfano et al., 2011; 2012; Castro et al., 2012a; 

Pallister et al., 2013; Saubin et al., 2016); the 2011�±2012 CE Cordón Caulle eruption, Chile 

(Castro et al., 2013; Schipper et al., 2013; 2021; Pistolesi et al., 2015; Alloway et al., 2015). The 

dominant factors determining the transition between explosive to effusive eruptive phases may 

change from case to case (Cassidy et al., 2018; Schipper et al., 2021), however this mixed eruption 

behaviour is a central element in silicic volcanism, in particular for eruptions involving rhyolitic 

magmas (Jaupart and Allegre 1991; Ogburn et al., 2015). 

In the following sections, the main types of �9�(�,�”����eruptions from silicic caldera systems and 

their conduit-to-surface eruptive processes are outlined. The focus here is therefore placed on the 

post-collapse caldera volcanism, while the characteristics of very large to super eruptions 

resulting into caldera collapse events are not reviewed since beyond the scope of this thesis.  

 

1.2.1 Silicic caldera systems and their post-collapse activity 

Silicic caldera systems constitute a type of volcano1 whose chief volcanic-structural element 

consist of 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 km3 DRE) (Lipman, 2000; Cole et al., 2005; Geshi et al., 2014; Branney and 

Acocella, 2015; Acocella, 2021���� �G�X�U�L�Q�J�� �9�(�,�•���� �F�D�W�D�V�W�U�R�S�K�L�F�� �F�D�O�G�H�U�D-forming, ignimbrite-style 

eruptions (Wilson, 2008; Geshi and Nakagawa, 2018; Bouvet de Maisonneuve et al., 2021; 

Giordano and Cas, 2021). These eruptions cause the subvertical collapse of the surface-to-

chamber caldera block into the underlying magma reservoir, with the consequent subsidence of 

the ground surface forming the caldera depression. 

Silicic caldera systems can be classified into mono- or polycyclic base on the number (one or 

more) of caldera-forming eruptions (Bouvet de Maisonneuve et al., 2021). Examples for the 

former are the Aira (Japan; Geshi et al., 2020) and Long Valley (USA; Hildreth, 2004) calderas, 

while the Okataina (New Zealand; Cole et al., 2010) and Valles-Toledo (USA; Kennedy et al., 

2012) calderas are examples for the latter type. The term caldera complex of Cole et al. (2005), 

�L�Q�G�L�F�D�W�L�Q�J�� �F�D�O�G�H�U�D�� �V�\�V�W�H�P�V�� �F�R�Q�V�W�L�W�X�W�H�G�� �E�\�� �³�V�S�D�W�L�D�O�O�\�� �D�Q�G�� �V�W�U�X�F�W�X�U�D�O�O�\�� �D�V�V�Rciated nested or 

 
1 Following Poland (2019) the term caldera system or simply caldera volcano (see also Branney and 
Acocella, 2015) is preferred to the term supervolcano (cf. Rymer et al., 2005; Miller and Wark, 2008; De 
Silva and Lindsay, 2015). 
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�R�Y�H�U�O�D�S�S�L�Q�J���F�D�O�G�H�U�D�V���R�I���G�L�I�I�H�U�H�Q�W���D�J�H�V�´���F�R�Q�Y�H�U�J�H���Z�L�W�K���W�K�H���P�H�D�Q�L�Q�J���R�I���W�K�H���W�H�U�P��polycyclic caldera 

systems introduced by Bouvet de Maisonneuve et al. (2021). The former term highlights the 

structural evolution of the caldera system while the latter emphasises its volcanic-magmatic time 

evolution.   

The term silicic is generally added to typify the dominant geochemical characteristics of the 

erupted magmas, although eruptions at silicic caldera systems can vary from rhyolitic to basaltic 

(Branney and Acocella, 2015). In the context of this work, which is centred on rhyolitic eruptions 

�I�U�R�P�� �W�K�H�� �7�9�=�¶�V�� �2�N�D�W�D�L�Q�D�� �F�D�O�G�H�U�D�� �V�\�V�W�H�P���� �W�K�H�� �W�H�U�P�� �V�L�O�L�F�L�F�� ��i.e., magmas with SiO2>63%) is 

directly associated to calc-alkaline magmas, although silicic caldera systems of alkaline (and 

peralkaline) equivalent magmas have been widely known and studied worldwide (e.g., the caldera 

systems from the Quaternary Roman Magmatic Province of central and southern Italy, 

Avanzinelli et al., 2008; Acocella et al., 2012; Cashman and Giordano, 2014; Marra et al., 2020; 

Aluto and Corbetti calderas within the Main Ethiopian Rift, Hutchison et al., 2016). 

The volcanic areas hosting dominantly rhyolitic caldera systems have been sometimes referred to 

as rhyolitic volcanic centre, particularly within the New Zealand and Australian volcanological 

literature (e.g., Cas and Wright, 1987; Sutton et al., 2000; Nairn, 2002; Leonard et al., 2010). 

However, the extent of the topographic and structural borders of the caldera complex are usually 

smaller than the designated volcanic area/centre (e.g., the Okataina volcanic and �7�D�X�S�À volcanic 

centres and associated calderas).  

Silicic caldera systems are polygenetic volcanoes that typically lack a principal and continuously 

active conduit-vent system. After a caldera-forming eruption, the system can undergo to a post-

collapse cycle, with eruptive activity occurring from multiple eruptive vents (Cole et al., 2005; 

Branney and Acocella, 2015). Eruptive vents can form (i) scattered within the entire depression 

(e.g., Campi Flegrei, Italy), (ii) localize within zones of pre-existing regional structures at depth 

(e.g., Okataina and �7�D�X�S�À, within the �7�D�X�S�À Rift, New Zealand) or (iii) along the structural border 

of the caldera (e.g., Kos-Nysiros, Greece; Rabaul, Indonesia; Aira-Sakurajima, Japan). This intra-

caldera volcanism often results in the resurgence (magma-related uplift) of part of the caldera 

floor (Acocella, 2021). The post-collapse 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 caldera, USA, and La Primavera caldera, Mexico; Hildreth, 2004; Sourisseau 

et al., 2020). Such distributed volcanism, might reflect regional to local structural and volcano-

tectonic features assisting the formation of magma pathways to the surface (e.g., Spinks et al., 

2005; Vitale and Isaia, 2014; Di Vito et al., 2016; Rivalta et al., 2019; Kósik et al., 2020), as well 

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., 2018; Kennedy et 
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al., 2018; Geshi et al., 2020; Barker et al., 2020; Bouvet de Maisonneuve et al., 2021; Sas et al., 

2021). 

The type of silicic eruptions from the newly open, post-collapse vents can vary in scale from small 

to moderate up to moderate to large (Table 1.1). Accordingly, the type of activity can range 

widely. Post-collapse eruptions at caldera systems can be characterised by dominantly effusive 

activity with the extrusions of lava domes and coulees forming in time one or more dome 

complexes within the caldera system, with �D�V�V�R�F�L�D�W�H�G�� �P�L�Q�R�U�� ���9�(�,�”������ �H�[�S�O�R�V�L�Y�H�� �D�F�W�L�Y�L�W�\�� ��e.g., 

Heiken et al., 1986; Leonard, 2003). In other cases, eruptions can reach Plinian-type intensities 

with or without phases of lava domes extrusion (e.g., Jurado-Chichay and Walker, 2000; Kilgour 

and Smith, 2008; Matsumoto and Nakagawa, 2019). During the course of a single eruption, 

multiple vents are typically active, varying from aligned and connected to a main dike-fissure 

system (e.g., Heiken, 1978; Nairn, 2001; Bursik et al., 2014) to (apparently) independently 

distributed within the caldera, few to several km apart (e.g., Roggensack et al., 1996; Pistolesi et 

al., 2016). This multiple vent activity of intra-caldera eruptions, along with the different eruptive 

styles and magnitude events can result in variable pyroclast transport-deposition regimes (e.g., 

various types of eruptive plumes and pyroclastic density currents), typically forming complex 

pyroclastic succession (see Chapter 3). 

Eruptive activity can also vary largely depending on the surface water infill of the caldera 

depression forming lakes of variable sizes (Manville, 2010). This can increase the possibility of 

efficient magma-water interactions during the openings of new eruptive vents (e.g., Wilson, 2001; 

Pistolesi et al., 2017). Furthermore, silicic calderas typically host one to several hydrothermal 

systems (Branney and Acocella, 2015; Wilson and Rowland, 2016), in which the heated and 

pressurized fluids can result in hydrothermal or phreatic explosions, connected or not to a 

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

 

1.2.2 Plinian-type eruptions 

The term Plinian-type is used here to group the continuum of explosive volcanic eruption styles, 

from subplinian to ultraplinian, defined by of Walker (1973) based on the dispersal characteristics 

of the associated fallout deposits. This term is similar to the term Plinian family recently used in 

Giordano and Cas (2021). 

Plinian-type eruptions typically occur when the rapid ascent and decompression to the surface of 

magma hamper the exsolved magmatic volatiles in the conduit (mainly water) to efficiently 

decouple from the magma itself (Sparks et al., 1994; Cashman, 2004). This causes excess of gas 

overpressure in bubbles until final brittle break-up (fragmentation) of the bubble-bearing 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 and Scheu, 2015). 

The term Plinian has been widely applied to describe explosive eruptive events (Table 1.2 for 

eruptive activity terminology) defined by the sustained, quasi-steady, hours-long, high-mass-

discharge-rate release of the fragmented magma particles into the atmosphere (Wilson et al., 1980; 

Woods, 1995; Gonnermann and Manga, 2013; Cioni et al., 2015). This type of volcanic activity 

results in the formation of a buoyant, vertically ascending eruptive column formed by a mixture 

of volcanic gas, solid particles and entrained air that can reach heights up to few tens of km above 

the vent (Sparks, 1986, Carey and Bursik, 2015). Plinian events have high values of eruption 

intensity and magnitude, ranging between 10-11, and >4-6, respectively (Pyle, 2015; Cioni et al., 

2015). The reported volume of erupted magma during a Plinian event ranges typically between 

0.01 to 10 km3 DRE, with reported peak of mass discharge rates from 106 to 108 kg/s (Carey and 

Sigurdsson, 1989; Cioni et al., 2015). These very high eruption rates are the cause of the general 

short duration of individual Plinian event, which generally lasts from few hours up to few days 

(Walker, 1981; Sparks et al., 1997; Mastin et al., 2009).  

Plinian eruptive columns can transport fragmented quenched magma particles in the atmosphere 

to maximum heights of 20 up to 40 km (Sparks et al., 1992; Cioni et al., 2008; Bonadonna and 

Costa, 2013). Plinian columns rise until a buoyancy level is reached with the surrounding 

atmosphere. The ejected material is then carried and dispersed laterally by the dominant winds 

over wide areas. The fallout deposits resulting from the settlement of the particles from the 

umbrella region or volcanic cloud of the Plinian column consists of laterally continuous blankets 

of well sorted pyroclastic fragments (juveniles as vesicular pumice and denser clasts, together 

with lithics) that mantle the topography (Bursik et al., 1992; Rosi, 1998). �'�H�S�R�V�L�W�¶�V thickness, 

maximum and median grain size of the particles decrease exponentially with increasing distance 

from the source (Pyle, 1989), passing from coarse-grained lapilli deposit in proximal locations to 

thin beds of fine ash in distal sites. 

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

of the eruptive plume is not maintained (Sparks et al. 1978; Woods et al., 1988; Neri et al., 2003; 

Di Muro et al., 2004; Giordano and Cas, 2021). The partial or total collapse of the Plinian column 

can lead to the generation of concentrated to dilute, pyroclastic density currents (PDCs). In a PDC, 

the eruptive mixture moves horizontally on the ground as a density current (i.e., a fluid spreading 

in a host environment of different density) driven by gravity, reaching distances up to several 

kilometres away from the vent (Branney and Kokelaar, 2002; Suplizio et al., 2014; Dufek et al., 

2015; Lube et al., 2020; Carazzo et al., 2020). This transition between convective and collapsing 

behaviours can occur at different times during the course of a Plinian event (Neri and Dobran, 
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1994), however repeated partial collapses are more common during subplinian events. As a result, 

proximal fall deposits may be interbedded with PDC deposits and may be locally eroded by the 

passage of PDCs (e.g., Cioni et al., 1992, Rosi et al., 2001). 

The term subplinian has been used to describe eruptions of similar eruptive dynamics of Plinian 

events but characterised by lower values of their associated main eruption parameters (e.g., 

intensity, magnitude, dispersal power and degree of fragmentation of associated fallout deposits; 

Walker, 1973). Subplinian events have values of eruption intensity and magnitude of 10 and 4, 

respectively (Pyle, 2015), and peak mass discharge rate typically between 106 and 107 kg/s (Cioni 

et al. 2015). The lower eruption intensity (i.e., mass discharge rate) of subplinian events 

determines the usually lower heights reached by their convective columns with respect to Plinian 

events (subplinian columns typically do not cross the tropopause; Cioni et al., 2015). Atmospheric 

conditions can play an important role in the ascending dynamics of low-intensity subplinian 

columns which can be bent-over under strong winds, influencing fallout sedimentation (Bursik, 

2001, Bonadonna et al. 2015b; 2015c).  

In terms of eruptive behaviours, individual and sustained subplinian events are typically 

characterised by (1) an unsteady mass discharge rate (eruptive intensity), which can oscillate over 

short (minutes to hours) timescales (Cioni et al., 2015; Bonadonna et al., 2016). The oscillation 

in discharge rate can often lead to instabilities of the eruptive column and to partial column 

collapse(s), with the generation of small-volume PDCs (e.g., Rosi, 1996; Cioni et al., 2003; 

Sulpizio et al. 2005; Pardo et al., 2011; Jenkins et al. 2013). In addition, (2) eruptions dominated 

by subplinian events are often non-sustained. In this case, magma discharge to the surface is 

discontinuous during the course of the entire eruption, resulting in an episodic or pulsatory 

eruption behaviour (Bursik, 1993; Scandone et al. 2007). The eruption sequence can therefore be 

characterised by repeated, discrete, however short-lived (hours long), events of magma discharge 

over days to months (e.g., Sarna-Wojcicki et al., 1981; Miller and Chouet, 1994; Paladio-

Melosantos et al., 1996; McGimsey et al., 2001; Maeno et al. 2014). Due to this more typical non-

sustained (i.e., discontinuous magma discharge) and/or unsteady (i.e., continuous but oscillating 

magma discharge over short timescales) activity, subplinian fall deposits are usually well bedded, 

marked by frequent changes in the mean deposit grain size in which coarser- to finer-grained beds 

alternate (Bursik, 1993; Rosi, 1998; Cioni et al. 2011). These characteristics further distinguished 

subplinian and Plinian events and their deposits. 

Overall, studied eruptions that have been classified as Plinian or subplinian are constituted by a 

complex succession of multiple eruptive phases of contrasting eruptive styles (Cioni et al., 2015). 

Phases of dominant Plinian and/or subplinian events can alternate with phases dominated by 

intermittent Vulcanian explosions (e.g., Matthews et al., 1997), phases of prolonged ash emissions 
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(e.g., Todde et al., 2017) and effusive phases of lava domes or flows extrusions (e.g., Swanson et 

al., 1987; Platz et al., 2007; Tuffen et al., 2013; Pallister et al., 2013). 

 

1.2.3 Lava dome and Vulcanian eruptions 

The term lava dome eruption refers to volcanic activity dominated by the extrusion of highly 

viscous magma that piles and accumulates around the vent area forming a dome-shaped mass of 

lava (Calder et al., 2015). Dome-building eruptions are typical features of silicic volcanism 

(Eichelberger, 1995; Fink and Anderson, 2000), although the composition of lava domes can span 

over a wide range, from basaltic-andesite to high-silica rhyolite (Calder et al., 2015; Ogburn et 

al., 2015). Lava dome eruptions occur as a consequence of the slow magma ascent in the volcanic 

conduit, where the efficient outflow of the exsolved magmatic volatiles from the rising magma 

reduces the gas pressure in bubbles preventing volatile-driven, magma fragmentation and 

explosion to the surface (e.g., Melnik et al., 2005; Mueller et al., 2008; Lavallée et al., 2012; 

Cassidy et al., 2018). 

Lava dome eruptions can occur at the summit crater(s) of stratovolcanoes (e.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 lava dome complexes that can extend in 

length from few to several km, consisting in chains of domes and coulees (e.g., Tarawera, New 

Zealand; Santiaguito, Guatemala; Mono-Inyo volcanic chain, USA). During some lava dome 

eruptions, the ascending magma can degas at the top of the volcanic conduit forming a plug or 

cap, which can later be (i) vertically extruded, (ii) spread laterally, or (iii) can be disrupted if 

eruption continues (Calder et al., 2015). The duration of dome-building eruptions varies largely 

from days to few decades (Newhall and Melson, 1983; Ogburn et al., 2015). For years-long, 

dome-building eruptions, the growth of the dome(s) may occur in repeated episodes or cycles 

(e.g., Barmin et al., 2002; Harris et al., 2003; Rhodes et al., 2018; Bain et al., 2021), with extrusion 

rates varying widely from 0.01 m3/s to 100 m3/s (Newhall and Melson, 1983; Calder et al., 2015). 

On a dataset of 156 historical lava dome eruptions, Newhall and Melson (1983) noted that 95% 

of the eruptions were associated with explosive activity. Different styles of volcanic explosions 

may occur at different time during a lava dome eruption, passing from the semi-continues ash 

emission to transient Vulcanian explosions, up to major explosions of Plinian-type intensity and 

magnitude (Heiken and Wohletz, 1987; Ogburn et al., 2015). Transient Vulcanian explosions are 

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

1997; Formenti et al. 2003; Kennedy et al., 2005; Wright et al., 2007; Clarke et al., 2015), 
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irrespective of magma composition, from intermediate to silicic (e.g., Galeras, Colombia; Unzen, 

Japan; Merapi, Indonesia; Soufrière Hills, Montserrat, Lesser Antilles). Whereas Plinian-type 

events are more common during eruptions involving dacitic and rhyolitic magmas (e.g., 1902 Mt 

Pelée, Martinique; 1912 Novarupta, Alaska; 1980 Mount St. Helens, USA; 1991 Pinatubo, 

Philippines; 2008 Chaitén, Chile; 2011 Cordón Caulle; Chile) (Ogburn et al., 2015).  

Vulcanian explosions are triggered by the sudden decompression and evacuation of pressurised 

magma stalling in the shallow volcanic conduit (Alidibirov, 1994; Woods, 1995; Clarke, 2013). 

High pressures can accumulate (i) in the upper part of the volcanic conduit beneath a plug (a dense 

magma body obstructing the conduit-vent), (ii) beneath an extruded lava dome or (iii) can develop 

within the dome interiors (Sparks, 1997). The explosions occur then when it is reached a 

sufficiently high gas pressure gradient in the underlying magma that cause the disruption of the 

dome or plug sealing the conduit-vent (Tait et al., 1989, Stix et al., 1997). Alternatively, 

Vulcanian explosions can result from collapse events of the growing dome (Druitt and Kokelaar, 

2002). In both cases, the disruption or collapse of the capping plug or dome causes the rapid 

decompression, fragmentation and evacuation of the underlying magma in the conduit (Kennedy 

et al., 2005; Clarke et al., 2015). In addition, hydrothermal alterations on the timescale of months 

to years at growing lava domes can also trigger Vulcanian explosions by significantly reducing 

the permeability of the dome-material, hampering gas escape from the magma column in the 

conduit and causing pressure build-up (Heap et al., 2019). The deposits resulting from individual 

Vulcanian events are typical of small volumes (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 

dome/plug (Clarke et al., 2015). Fall deposits are usually fine-grained (ash-size) (e.g., Bonadonna 

et al., 2002) and are characterised in very proximal sites by showers of ballistic materials, often 

with breadcrust textures (Cas and Wright 1987; Robertson et al., 1998; Wright et al., 2007). 

Vesicularity of the ash clasts is typically low as they derived from the outgassed and partially 

solidified magma in the shallow conduit and/or from the dome edifice (Heiken and Wohletz, 

1987; Miwa et al., 2013).  

Recent and well documented lava dome eruptions (e.g., 1980-1986 Mount St, Helens, USA; 1990-

1995 Unzen, Japan; 1995-2015 Soufrière Hills, Montserrat; 1998-2013 Volcan de Colima, 

Mexico), have also highlighted a variety of processes in generating PDCs (including block-and-

ash flows, BAFs) and debris avalanches during the lava dome eruptions (e.g., Miyabuchi, 1999). 

Instabilities of the dome may lead to gravitational collapse of part of the lava edifice which can 

trigger explosions and produce BAFs (Ui et al., 1999; Saucedo et al., 2004, Schwarzkopf et al., 

2005; Brown and Andrews, 2015). Plume collapse associated with Vulcanian explosions can 

cause the formation of PDCs (Sato et al., 1992; Cole et al., 2002). Significant release in the 

confining pressure due to sector collapse of the dome and associated debris avalanches can result 
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in violent, laterally directed PDCs (Voight et al., 2002; Belousov et al., 2007). Collapses of the 

dome edifice and production of debris avalanches can occur also when not associated to explosive 

events and furthermore years after the end of the eruption. The latter is typically due to period of 

prolonged hydrothermal alteration which can significantly weaken the dome edifice and resulting 

in collapses and generation of debris avalanches (Siebert, 1984; Calder et al. 2015). 

 

1.2.4 Magma dynamics during ascent in the conduit 

The environment where the magma ascends from its last shallow storage region (or magma 

chamber) in the upper crust (see Edmonds et al., 2019; Sparks et al., 2019) towards the surface is 

referred to as volcanic conduit. The shape of the conduit can vary largely from dikes (vertically 

and laterally extend conduit) to cylinders (Tibaldi, 2015; Gonnermann and Taisne, 2015; Aravena 

et al., 2017; Kavanagh, 2018).  

Magma during ascent in the conduit will respond to decompression with a number of processes, 

such as (1) degassing (the exsolution of melt-dissolved volatiles into gas bubbles; e.g., Cashman, 

2004; Shea, 2017), (2) outgassing (the outflow of gas from the magma column within the conduit; 

e.g., Gonnermann et al., 2017) and (3) syn-ascent crystallization (element diffusion into the 

formation of microlite-to-nanolite-size mineral phases at ascent timescales; e.g., Hammer et al., 

�������������'�¶�2�U�L�D�Q�R et a., 2005; Cáceres et al., 2020; Di Genova et al., 2020). These processes affect 

the intrinsic and evolving properties of the magma such as its permeability/porosity (e.g., Blower, 

2001; Gonnermann et al., 2017) and viscosity (e.g., Whittington et al., 2009), impacting the 

overall magma rheology, flow behaviour and the ascent speed (Sparks, 1978; Cashman, 2004; 

Llewellin and Manga, 2005; Gonnermann and Manga, 2013). Ultimately, these processes will 

govern the magma ascent dynamics and the resultant eruption style (Cashman and Sparks, 2013; 

Burgisser and Degruyter, 2015). When silicic magmas rise sufficiently fast and explosive 

conditions are met while approaching the surface (i.e., the exsolved magmatic volatiles are not 

able to efficiently decouple from the magma column in the conduit) the magma will undergo (4) 

fragmentation (Cashman and Scheu, 2015; Cassidy et al., 2018): the 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 particles (Gonnermann, 2015). The investigation of how and in 

which extent these processes impact magma rheology and flow conditions is of primary 

importance in the understanding of how an eruption will unfold. 

Silicic melts due to their high content in silica have elevated initial (pre-ascent) viscosity 

compared to intermediate and mafic melts, with viscosity increasing further by order of 

magnitudes as magmas decompress and cool towards the surface (Giordano et al., 2008; Lesher 
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and Spera, 2015). Ascending silicic melts are often modelled as Newtonian fluids (i.e., viscosity 

is independent of strain rate), however silicic melts bearing gas bubbles and crystals can exhibit 

non-Newtonian behaviours (Caricchi et al., 2007; Mader et al., 2013; Vona et al., 2016). Of 

interests here is that the stress to which the magma is subjected while rising to the surface can be 

accommodated by two main different types of deformation: (i) ductile deformation, with 

formation of networks of deformed (stretched) bubbles and localised sheared zones (e.g., Martí 

et al., 1999; Wright and Weinberg 2009; Dingwell et al., 2016); (ii) and/or brittle deformation 

with the opening and closures of fractures in more denser magmas (e.g., Tuffen et al., 2003; Castro 

et al., 2012a). The former is typically the result of the development of lateral (cross-conduit) 

gradients in magma ascent velocity (and shear rates), with magma velocity decreasing from the 

central portion of the conduit to the conduit walls (e.g., Polacci et al., 2003; Shea et al., 2012). 

Slower magma ascent velocities (and higher shear rates) towards the conduit margins are typically 

due to friction and/or cooling of the magma at the conduit walls (Costa et al., 2007; Burgisser and 

Degruyter, 2015; Acocella, 2021).     

The deformation of the bubble-bearing melt and the shape of the deformed bubbles depend on the 

capillary number, whereby on the balance between shear stress that tends to deform and surface 

tension that tends round the bubbles into its original spherical shape (Rust and Manga, 2002; Rust 

et al., 2003; Kilgour et al., 2016; Ohashi et al., 2018; 2020a). If deformation prevails, gas bubbles 

are deformed into elongated up to tubular shapes (aspect ratio from 1 up to >100; see Chapter 

4), parallel or subparallel to the direction of shear. Bubble deformation can significantly affect 

the degree of bubble interconnection and magma permeability (e.g., Okumura et al., 2006; Wright 

et al., 2006; 2009; Burgisser et al., 2017), in turn impacting the outgassing efficiency of the 

magma column in the conduit (e.g., Degruyter et al., 2012; Kushnir et al., 2017). This can 

ultimately influence the ability of the magma to erupt explosively or effusively when approaching 

the surface (Okumura et al., 2009; Castro et al., 2013). Shear-derived textures, inherited from the 

deformation of the bubble-bearing melt in the conduit, can be preserved in the erupted and 

quenched vesicular juveniles (pumice clasts) in (i) localized zones (Wright and Weinberg, 2009) 

or (ii) within the entire clasts volume, forming tube pumices (Martí et al., 1999). Due to the 

rheological properties of silicic magmas, tube pumice clasts 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 fabrics (see Shea et 

al., 2010; Chapter 4). 
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Table 1.2 �± Definition of eruptive activity and classification of temporal units used in this thesis to 
characterise volcanic eruptions and their intra-eruption sequences. The subdivision of eruptive activity into 
eruption, phase and event/episode/pulse follows (1) a temporal hierarchy (i.e., an eruption contains one or 
more eruptive phases; an eruptive phase contains one or more eruptive events/episodes/pulses) based 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 phases or between consecutive eruptive 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 
unit  

Definition  

Eruption 

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 
consecutive eruptions is marked by a quiescence period typically long 
�H�Q�R�X�J�K�����•���\�H�D�U�V�����W�R���D�O�O�R�Z�����I�R�U���H�[�D�P�S�O�H�����W�K�H���R�F�F�X�U�U�H�Q�F�H���R�I���Q�R�Q-volcanic 
processes such as (i) soil formation or (ii) substantial 
weathering/erosion and emplacement of epiclastic deposits.  

Phase 

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). 

Event, episode, or 
pulse 

A period of relatively continuous eruptive activity within an eruption or 
a phase characterised by a single eruptive style. The separation 
between two consecutive eruptive events is marked by a change in 
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)  

 

 

1.3 Background geology: New Zealand and 

�7�D�X�S�À Volcanic Zone 

 

1.3.1 Regional settings of New Zealand 

Straddling the boundary of the Australian and the Pacific plates (Fig. 1.1), New Zealand is among 

the most geologically active areas on Earth. Through New Zealand the active Pacific-Australian 

plate boundary consists of different tectonic segments, including subduction zones, back-arc rift, 

transcurrent faulting motion and continental collision (Walcott, 1984; Walcott, 1987; Beaven and 

Haines, 2001). Such great variety of tectonic environments shaped New Zealand and the 
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Zealandia continent over the past 85 Myr (Sutherland, 1999; King, 2000; Grobys et al., 2008; 

Mortimer et al., 2017; Mortimer and Scott, 2020). 

The current geological setting of the North Island of New Zealand is affected by the Hikurangi 

subduction margin, where the Pacific plate subducts obliquely beneath the Australian plate (Fig. 

1.1). The NNE-SSW Hikurangi Trough, located offshore and to the east of the North Island, 

represents the southernmost expression of the Tonga�±Kermadec subduction system (Fig. 1.1), 

where the Kermadec Trench shallows, with subduction rate decreasing from 60-100 mm/yr to 37-

50 mm/yr (DeMets et al., 1994; Parson and Wright, 1996; Henrys et al., 2003; Smith and Price, 

2006). A back-arc rift occurs in the central and northern part of the North Island (Fig. 1.1) due to 

the oblique subduction of the Pacific plate beneath the continental crust of New Zealand and in 

association with the clockwise rotation of the Hikurangi margin (Beanland and Haines, 1998; 

Beaven and Haines 2001; Wallace et al., 2004). This plate motion caused crustal thinning and 

formation of the �7�D�X�S�À Rift on continental crust, with associated magmatism and volcanism 

defining a region named the �7�D�X�S�À Volcanic Zone (TVZ) (Fig. 1.2) (Cole et al., 1995; Wilson et 

al., 1995; 2009; Acocella et al., 2003; Leonard et al., 2010; Seebeck et al., 2014; Mortimer and 

Scott, 2020; Pittari et al., 2021; Stagpoole et al., 2021). 

 

 

Figure 1.1 �± Location of New Zealand in the Australian-Pacific plate boundary. Tectonic settings follow 
Mortimer and Scott (2020). Bathymetry data from NIWA (https://www.niwa.co.nz)  
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The on-land convergent Pacific-Australian plate boundary displays strike-slip dominated fault 

systems in the South Island, including the NE-SW Marlborough Fault System and the Alpine 

Fault (Fig. 1.1). The plates�¶ continent-continent 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 deep-seated crustal rocks to the east of the Alpine Fault (Norris et al., 1990; 

Van Dissen and Yeats; 1991; Holt and Haines, 1995; Beavan et al., 1999; Norris and Cooper, 

2001; Mortimer et al., 2014). In the southwest edge of the South Island (SW of the Fiordland 

region) the continental collision gives way to the Puysegur Subduction System (Fig. 1.1) 

(Melhuish et al., 1999; Beavan et al., 2010). Here the Australian Plate subducts beneath the Pacific 

Plate at the Puysegur Trench (Lebrun et al., 2000; Lamarche and Lebrun, 2000; Sutherland et al., 

2006; Mortimer and Scott, 2020). 

 

1.3.2 The �7�D�X�S�À Volcanic Zone  

The TVZ is a zone of Quaternary calc-alkaline volcanism and back-arc rifting developed in 

association with the oblique subduction of the Pacific Plate along the Hikurangi margin within 

the New Zealand North Island and a section of off-land continental crust (Cole et al., 1990; Spinks 

et al., 2005; Pittari et al., 2021). The TVZ extends SSW-NNE for ~300 km from Mt Ruapehu to 

the south, to Whakaari (White Island) in the Bay of Plenty (Fig. 1.2) (Wilson et al. 1995; Leonard 

et al., 2021). The subduction-related rifting has produced crustal thinning up to 25 and 15 km in 

this area (Bibby et al., 1995; Price et al., 2012), with a present spreading rate across the onshore 

TVZ, of <5 mm/y up to 13 mm/y from south to north of Lake �7�D�X�S�À (Villamor and Berryman, 

2001; Wallace et al., 2004; Lamarche et al., 2006).  

The volcanic activity of the TVZ started at ca. 2 Ma with emplacement of andesite, followed by 

rhyolitic eruptions from ~1.6 Ma, including at least 34 caldera-forming eruptions (Houghton et 

al., 1995; Wilson et al., 1995; Pittari et al., 2021). The TVZ eruptive history was divided by 

Wilson et al., (1995) 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 Whakamaru-group eruptions, which consisted of 

several very large ignimbrite-producing eruptions and associated fall deposits that covered much 

of the deposits of the older activity (Pittari et al., 2021). The modern TVZ (<0.34 Ma) stretches 

for ~250 km NE and is 20 to 40 km wide. It can be divided into three sectors (southern, central 

and northern) along its length based on the dominant magma composition (Wilson et al., 1995; 

Seebeck et al., 2014; Wilson and Rowland, 2016) (Fig. 1.2). The central sector encloses several, 

dominantly rhyolitic, silicic caldera systems of different ages, from �7�D�X�S�À to Okataina and it has 

been the main location of silicic volcanism in the TVZ (Wilson et al., 1995; Barker et al., 2021). 

The southern and northern sectors consist instead in 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 north (Leonard et al., 2021; Kilgour et al., 

2021).  

 

 

Figure 1.2 �± Map of the TVZ modified after Spinks et al. (2005) showing modern and old TVZ boundaries, 
locations and approximative topographic boundaries of the eight silicic caldera systems within the central 
TVZ and the main andesitic-dacitic composite volcanoes on the southern and northern segments of the 
TVZ. Inset shows position of the TVZ in the North Island. 

 

The central TVZ is an extraordinarily productive region of rhyolitic volcanism, with an estimated 

volume of 15,000�±20,000 km3 of volcanic material erupted over the past 1.6 Myr (Rogan, 1982; 

Hoguthon et al., 1995; Wilson et al., 2009). The two silicic caldera systems considered to be 

active to date are the �7�D�X�S�À and the Okataina caldera systems, hosted respectively within the 
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�7�D�X�S�À Volcanic Centre (TVC) and the Okataina Volcanic Centre (OVC) (Wilson and Rowland, 

2016). The two caldera systems produced the largest eruptions to have occurred in New Zealand 

over the last 2000 years: the 232 ±10 CE �7�D�X�S�À Y eruption (Wilson and Walker, 1985; Wilson, 

1993) and the 1314 ±12 CE Kaharoa eruption (Nairn et al., 2001), which erupted a DRE magma 

volume of 35 and 9 km3, respectively (Sahetapy-Engel et al., 2014; Barker et al., 2021). 

Houghton et al. (1995) compared the frequency and magnitude of the eruptions occurred in the 

central TVZ with the Yellowstone volcano, as an example of a very 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 of individual eruptions (Wilson et al., 2009). In the central TVZ there have been an 

order of magnitude more, but smaller in size, very large caldera-forming eruptions compare to 

those at Yellowstone. Furthermore, a significantly greater number of intra-caldera rhyolitic 

eruptions have occurred within the central TVZ, varying form small to moderate mainly dome-

forming eruptions to moderate- to large-scale mixed Plinian-type and dome-forming eruptions 

(cf. Christiansen, 2001). For these reasons the central TVZ has been recognised as the most 

frequently active and Quaternary silicic volcanic region on Earth (Wilson et al., 1995; Houghton 

et al., 1995). 
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2.1 Introduction  

The Okataina Volcanic Centre (OVC) (Fig. 2.1) is one of the eight rhyolitic-dominated centres 

of the Quaternary central TVZ (see Fig. 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 example. �7�K�H���0�R�X�Q�W�D�L�Q���L�V���K�H�O�G���D�V���V�D�F�U�H�G���E�\���W�K�H���1�J�—�W�L���5�D�Q�J�L�W�L�K�L���D�Q�G���E�\���W�K�H��

�7�Ì�K�R�X�U�D�Q�J�L�� ���O�R�F�D�O�� �0�—�R�U�L�� �L�Z�L���� ���1�J�—�W�L�� �5�D�Q�J�L�W�L�K�L�� �7�U�X�V�W���� ��������) and has a significant value in the 

history of New Zealand both for the early human settlements (Hogg et al., 2003; Lowe, 2008) and 

for being the location of the historic 1886 CE Plinian basaltic eruption (Rowe et al., 2021). The 

eruption caused major destruction to the nearby areas and the death of ~120 people (Lowe et al., 

2001; Keam, 2016�������U�H�S�U�H�V�H�Q�W�L�Q�J���W�R���G�D�W�H���W�K�H���O�D�U�J�H�V�W���Y�R�O�F�D�Q�L�F���G�L�V�D�V�W�H�U���L�Q���1�H�Z���=�H�D�O�D�Q�G�¶�V���K�L�V�W�R�U�\�� 

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

Science (www.geonet.org.nz; Scott and Traves, 2009). Although no volcanic eruptions occurred 

�V�L�Q�F�H�������������D�Q�G���W�K�H���F�H�Q�W�U�H���K�D�V���Q�R�W���H�[�K�L�E�L�W�H�G���V�L�J�Q�V���R�I���Y�R�O�F�D�Q�L�F���X�Q�U�H�V�W�����F�I�����Y�R�O�F�D�Q�L�F���X�Q�U�H�V�W���D�W���7�D�X�S�À����

Illsley-Kemp et al., 2021), recent studies on (i) ground deformation at Okataina (Ellis et al., 2014; 

Hamling et al., 2015; Holden et al., 2015; 2017) and on (ii) recent earthquakes and inferred 

basaltic dike intrusions near Mt Tarawera (Benson et al., 2021), suggest localized magma 

movements in the upper crust beneath the centre. 

The OVC hosts and borders several geothermal fields (Nairn, 2002; Wilson and Rowland, 2016), 

with the Waiotapu-Rotomahana-Waimangu geothermal system to the SW of Tarawera being one 

of the largest (e.g., Hunt et al., 1994; Giggenbach et al., 1994; de Ronde et al., 2016a). The famous 

silica sinter formation of the Pink (Otukapuarangi) and White (Te Tarata) Terraces (Martin, 

1888; de Ronde et al., 2016b; 2019) within the pre-1886 Lake Rotomahana (Fig. 2.2) were the 

result of the conspicuous hydrothermal activity within the early lake (Keam, 2016). Hydrothermal 

and/or phreatic explosions connected to magmatic eruptions have been inferred for the 17.6 ka 

and 9.5 ka rhyolitic eruptions at Okataina (Nairn and Wiradiradja, 1980) and also associated to 

the ~1314 CE Kaharoa eruption (Nairn et al., 2005; Montanaro et al., 2020; Gallagher er al., 

2020). More recent hydrothermal explosions were observed and documented during the 20th 

century (not related to any magmatic eruptions), creating explosion craters within the Waimangu 

and Waiotapu areas (Nairn, 2002).  

The geology and volcanic history of the OVC are extensively described in Nairn (2002), with 

works and reviews by Cole et al. (2010; 2014) on the structural and volcanic-plutonic 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 eruptions (see Section 2.3). The PhD thesis work 
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of Cole (1966) and Nairn (1981) on Mt Tarawera and Okataina, respectively are praised here, 

along with early tephra-soil works by Vucetich and Pullar (1963; 1964; 1969), for setting up the 

foundation for future Okataina-related volcanological and interdisciplinary studies. 

 

 
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 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 TVZ (see Fig. 1.2; Fig. 

2.2) (Nairn 2002; Cole et al. 2010). The OVC is part of the modern TVZ (<0.34 Ma), a 20�±40 km 

wide NNE-trending zone of active rifting (Seebeck et al., 2014; Stagpoole et al., 2021), in which 

the current NW-SE spreading extends at different rates, passing from �ý15 mm/y at the Bay of 

�3�O�H�Q�W�\���W�R���������P�P���\���V�R�X�W�K���R�I���/�D�N�H���7�D�X�S�À�����Z�L�W�K���H�[�W�H�Q�V�L�R�Q���R�I���ý12 mm/y at OVC (Wallace et al., 

2004). The modern TVZ has been further subdivided into five structural segments with variable 
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components of extension by Acocella et al. (2003) and Spinks et al. (2005). The segments with 

the largest degree of extension coincide with the �K�L�J�K�O�\�� �D�Q�G�� �P�R�V�W�� �U�H�F�H�Q�W�O�\�� �D�F�W�L�Y�H�� �7�D�X�S�À�� �D�Q�G��

Okataina caldera systems. Moreover, the Okataina segment is the locus of a major transfer zone 

(Acocella et al., 2003; Cole et al., 2010) at the intersection between the Kapenga and Whakatane 

segments, trending ENE-WSW, offset from the mean NNE-SSW direction of the TVZ (Fig. 2.2). 

�7�K�H�� �2�9�&�� �R�F�F�X�U�V�� �L�Q�� �W�K�L�V�� �V�W�U�X�F�W�X�U�D�O�O�\�� �F�R�P�S�O�H�[�� �W�U�D�Q�V�I�H�U�� �]�R�Q�H�� �Z�L�W�K�L�Q�� �W�K�H�� �7�D�X�S�À�� �5�L�I�W���� �L�Q�� �Z�K�L�F�K��

volcano-tectonic interactions are suggested to have played an important role in the eruptive 

history 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., 2011). Faults around the OVC have a dominant NE direction, consistent with the 

�P�D�L�Q���D�F�W�L�Y�H���I�D�X�O�W���W�U�H�Q�G���R�I���W�K�H���7�D�X�S�À���5�L�I�W�����)�D�X�O�W�V���H�[�W�H�Q�G���L�Q�W�R���W�K�H���P�D�U�J�L�Q�V���R�I���W�K�H���2�9�&�����K�R�Z�H�Y�H�U��

there is a lack of mapped faults within the caldera system. This is possibly due to (i) the caldera-

fill deposits (e.g., Branney and Acocella, 2015) from the post-25 ka activity covering older 

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

during this period (Villamor et al. 2011). 

The OVC extends for ~700 km2 and consists of the Okataina caldera system with intra-caldera 

lava dome complexes, and peripheral (extra-caldera) lava dome complexes (Fig. 2.2; Fig. 2.3). 

The Okataina caldera system represent the main volcano-tectonic structure of the centre and was 

formed after at least three very large caldera-forming eruptions (individual erupted magma 

volume >90 km3 DRE) over the past ~557 kyr, the last of which occurred ~45 or 54 ka (Table 

2.1; see also Section 2.3) (�'�H�H�U�L�Q�J���H�W���D�O�������������������'�D�Q�L�ã�t�N���H�W���D�O�������������������&�R�O�H et al. 2014; Flude and 

Storey, 2016). These eruptions resulted in the formation of a complex system of overlapping and 

nested collapse structures (Nairn, 2002; Spinks et al., 2005; Cole et al., 2010), with a possible 

fourth minor caldera-collapse event at �ý33 ka associated with the eruption of the Kawerau 

Ignimbrite (Jurado-Chichay and Walker 2000; Cole et al. 2014).  

The Okataina caldera system consists of the N�±S Okataina caldera (also refer to as the Haroharo 

caldera in Nairn, 2002) and includes other three minor basins (Fig. 2.2) named Rotoma, Puhipuhi 

and the Okareka, respectively on the NE, E and W margins of the Okataina caldera. During the 

post-25ka volcanic activity of the centre, eruptive vents opened at Okataina, Rotoma and Okareka, 

excluding the Puhipuhi basin which was possibly last active during the Mangaone eruptions (25 

to 54ka; see Sections 2.3.4 and 2.3.5). 

The Okataina caldera has a rectangular geometry (28×16 km wide), with the long axis trending 

N8°W, nearly perpendicular to the rift axis of the Okataina segments of Spinks et al. (2005). The 

structure of the caldera floor is obscured by syn-collapse ignimbrite deposits and deposits related 

to the post-collapse intra-caldera 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 the low-density volcaniclastic rocks (Fig. 2.3) (Rogan, 1982; Davy 

and Caldwell 1998; Sherburn et al., 2003; Stagpoole et al., 2021). The gravity data also define a 

N�±S depression whose margins are consistent with the mapped topographic boundaries of the 

Okataina caldera (Fig. 2.3) (Nairn, 2002; Spinks et al., 2005). The 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 deposits (Nairn 2002). 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 position (Cole et al. 2010). 

Laterally to the main N�±S Okataina caldera structure, 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 eruptions (Cole et al., 2010). 

 

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 lines represent the approximate length and width of the two post-25 ka lineaments 
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 
�J�H�R�P�H�W�U�\���R�I���W�K�H���2�9�&���Z�L�W�K�L�Q���W�K�H���2�N�D�W�D�L�Q�D���³�W�U�D�Q�V�I�H�U���]�R�Q�H�´���V�H�J�P�H�Q�W���R�I��Spinks et al. (2005) within the TVZ 
�R�I���W�K�H���7�D�X�S�À���5�L�I�W����Dashed thin black lines display the inferred continuation of the axes of the Kapenga (to 
the south) 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) are located outside the margins of the Okataina 

caldera and subsidiary basins and have ages between possibly >557 ka (pre-caldera) to >54ka 

(Cole et al. 2014). (Fig. 2.3). Healy (1962) proposed that these peripheral domes mark a large 

�³�U�L�Q�J���F�R�P�S�O�H�[�´�����V�H�H also Cole et al., 2005 for 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 the SW (Fig. 2.2) (Nairn 2002). 

Eruptions related to the post-25 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 structures (Nairn, 2002; Cole et al., 2010; Seebeck et 

al., 2010): the Haroharo and the Tarawera linear vent zones or vent lineaments (Fig. 2.2; Fig. 

2.3). The vent lineaments transect the caldera and have a NE-trending, offset (�ý10°�±20° 

clockwise) from the main active fault trend around the OVC (Villamor et al., 2011). 

 

 

Figure 2.3 �± Figure 2 of Cole et al. (2010) showing the main Okataina caldera topographic borders and 
spatial distribution and ages of the intra-caldera and peripheral lava dome complex, with eruptive vent 
locations. Inset shows negative gravity anomaly (contours in mGals).    

 

The present-day geomorphology of the OVC is the result of the repeated volcanic activity of the 

centre, from the major caldera collapse events to the recent intra-caldera activity, and the variable 

levels of erosion of the erupted and deposited volcanic materials. Today, the Tarawera 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 post-25 ka activity along the two mentioned vent 

lineaments, are the most prominent volcanic edifices of the centre. Variably eroded ignimbrite 

deposits cover 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. The 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 the intra-caldera lava domes (Fig. 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 ka (�'�D�Q�L�ã�t�N���H�W���D�O��������������) and ~54 ka (Flude and Storey, 

2016). Previous work by Wilson et al. (2007) 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 ka (Flude and Storey, 2016). No preferences are given on 

basis of 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 (~625-557 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 origin (Manning, 1996; Cole et al. 2010). The age of this cummingtonite-bearing tephra 

layers is however uncertain: reported ages in the literature range between 420 and 625 ka (Nairn 

and Beanland, 1989; Manning, 1995). Pre-caldera rhyolitic lava domes (Whakapoungakau and 

Matawhaura domes, and the Maungawhakanana dome complex) have been possibly extruded 

during this period (Table 2.1) and are likely associated with the Bay of Plenty coastal pyroclastic 

sequence (Nairn 2002; Cole et al., 2014). These domes might have also formed after 557ka, 

however the abundant angular rhyolitic lava blocks found within the ~557 ka Utu Ignimbrite, 

suggests the presence of pre-caldera domes within the OVC (Cole et al., 2010). 

 

 



CHAPTER 2  OKATAINA VOLCANIC CENTRE 

32 
 

2.3.2 Caldera-forming eruptions (~557, ~322 and ~54 ka) 

The first voluminous and widespread pyroclastic deposit that appears to be associated with the 

formation of the Okataina caldera system is the 90 km3 DRE Utu Ignimbrite (Nairn, 2002; Deering 

et al., 2011; Cole et al., 2014) (Table 2.1). This very large caldera-forming, ignimbrite-producing 

eruption was thought to have occurred at ~380 ka, preceding the large Whakamaru group 

ignimbrite from Whakamaru caldera system to the south (see Fig. 1.2) (Nairn 2002). However, 

new dates suggest the Utu eruption and the associated first caldera collapse of the OVC occurred 

at �ý557 ka (Leonard et al. 2010). The 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 systems. Important 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 event (Cole et al., 2014). A possible location 

of this collapse structure is reported in Cole et al. (2010) 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 (Nairn, 1981). The Utu Ignimbrite deposits vary from non-welded to weakly 

welded with devitrified pumice lapilli, and are occasionally intercalated with fall beds (Nairn, 

1981; 2002; Cole et al., 2014). Since the deposits bear large (<cm) crystals of quartz and abundant 

biotite crystals, the ignimbrite was previously named the Quartz-biotite tuff (Nairn 2002; Cole et 

al., 2010). 

A second major caldera collapse event within the OVC is related to the evacuation of �ý160 km3 

DRE magma during the 322ka Matahina eruption (Deering et al., 2009) (Table 2.1). The 

emplaced ignimbrite deposits vary from partially to densely welded, light-brown in colour, with 

characteristic obsidian clasts, and large devitrified pumices (Nairn 1981; Nairn 2002). The 

ignimbrite deposits are best exposed east of the OVC, with thickness varying from 5 up to 150 m 

(Nairn, 1981; Bailey and Carr, 1994) and they overlay a Plinian-type, pumice-bearing fall deposit 

(Cole et al. 2010). The boundaries of the caldera structure resulting from the eruption of the 

Matahina Ignimbrite are not well defined as they are largely hidden by the products of the later 

activity of the centre and by the following, �ý54 ka, caldera collapse. The possible location of the 

Matahina caldera structure is given by Cole et al. (2010) in the southern part of the present 

Okataina caldera. 

The last major caldera collapse event to have shaped the caldera complex of the OVC is associated 

with the emplacement of the �ý100 km3 DRE, Rotoiti Ignimbrite and Rotoehu fall deposits (Nairn 

and Kohn, 1973; Burt et al. 1998; Nairn 2002; Charlier et al., 2003; Schmitz and Smith, 2004), 

last dated at 54 ka (Flude and Storey, 2016; see Section 2.3). The deposits of the Rotoiti/Rotoehu 

eruption comprise a 50-100 m thick sequence of non-welded ignimbrite units (the Rotoiti 
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Ignimbrite) and intercalated fall beds collectively named the Rotoehu Ash or Tephra (Nairn, 1972; 

Froggatt and Lowe, 1990; Nairn, 2002). The eruption started with the deposition of the subplinian 

Matahi basaltic scoria fall (Pullar and Nairn, 1972) from suggested eruptive vents within the 

northern part of the Okataina caldera (Nairn 2002). The eruption progressed with the ejection of 

rhyolitic magma deposited by magmatic and phreatomagmatic (e.g., Self and Sparks, 1978; Van 

Eaton et al., 2012) Plinian eruptive columns (Nairn, 2002), which form part of the Rotoehu 

Tephra. These Plinian-type fall deposits are interbedded by fine-grained PDC deposits (Nairn, 

1981), which underly crystal-rich fall beds (Walker, 1979; Nairn, 2002). This fall-dominated 

sequence is then overlain by the thick (>50m) non-welded flow units of the Rotoiti Ignimbrite. 

The ignimbrite deposit extends N from the OVC for 30 km up to the Bay of Plenty coast (Nairn 

2002). The distribution of the ignimbrite deposit and the locations of thick lithic lag breccia 

deposits around lakes Rotoiti, Rotoehu and Rotoma are indicative for a caldera collapse to have 

occurred in the northern part of OVC (Cole et al. 2010). Shortly after the Rotoiti eruption was 

emplaced the non-welded Earthquake Flat ignimbrite deposit (10 km3 DRE) from the nearby 

Kapenga caldera (Nairn and Kohn, 1973; Schmitz and Smith, 2004), with inferred vents on the 

Okataina Ring Structure (Nairn, 2002). 

 

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 was characterised by repeated 

explosive Plinian-type eruptions and 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 uncertain (Table 2.1). For instance, the >557ka pre-caldera (?) domes 

(Whakapoungakau and Matawhaura domes, and the Maungawhakanana dome complex) are 

exposed N, E and W of the OVC (Fig. 2.3), by erosion of the overlaying Matahina ignimbrite 

deposit, indicating an age of the lavas at least of >322 ka (Nairn, 2002; Cole et al., 2010). 

However, the Whakapoungakau domes have a ferromagnesian mineral assemblage which 

correlates with the Okataina-sourced Bay of Plenty pyroclastic deposits on the coast, dated at 

between 420 and 625 ka (Manning, 1995; Nairn and Beanland, 1989), suggesting a possible age 

of >557ka (pre-Utu ignimbrite) for the extrusion of these domes. 

Explosive volcanism occurred after the Utu ignimbrite eruption, with the emplacement of the 

Murupara Subgroup deposits (Bonisch Subgroup in Nairn 2002) of 30 km3 DRE of cumulative 
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volume (Manning, 1995; Deering, 2009; Cole et al., 2010). The activity of the Murupara 

Subgroup was characterised by several inferred Plinian-type eruptions during a time interval of 

340-322 ka (Table 2.1), which concluded with the Matahina ignimbrite eruption (Manning, 1996; 

Cole et al., 2010). The associated Plinian fall deposits are separated by paleosols and their areal 

distribution is consistent with eruptive vents opened on the southern part of the present Okataina 

caldera (Nairn 2002). 

More constraints are available for the post-Matahina 322 ka eruptions. Activity between the two 

largest Matahina and Rotoiti Ignimbrites consisted of a series of explosive eruptions that formed 

the Onuku 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 emplaced (Cole et al., 2010). Dacitic volcanism also occurred during this period with 

lavas emplaced withing the Puhipuhi basin (Nairn 2002).  

The Pokopoko pyroclastic sequence comprises alternating PDC and fall deposits (of unspecified 

eruption styles) containing variable amount of obsidian clasts (Nairn, 2002). The whole sequence 

is up to 120 m thick in the proximity of Lake Okareka (Fig. 2.2), suggesting eruptive vents west 

from the Okataina caldera (Thompson, 1974; Nairn, 2002). Age of the Pokopoko pyroclastic 

sequence, not constrained by analytical dating techniques, is >220 ka based on stratigraphic 

relations as it underlies the Mamaku Ignimbrite from the nearby Rotorua caldera system (Wilson 

et al., 1995; Nairn, 2002). Extrusion of some lava domes on the NE shore of lake Okareka could 

be associated with the Pokopoko activity (Cole et al., 2010).  

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 (Nairn, 2002). 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 bracketed by the �ý322 ka Matahina and �ý240 ka Kaingaroa ignimbrite deposits 

(the latter was erupted from the Reporoa caldera system) (Cole et al. 2010).  

The small volume (>1 km3 DRE) Te Wairoa pyroclastic sequence consists of stratified PDC 

deposits containing hornblende-bearing 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 Rotorua (Fig. 2.3) and 

appear to be related to the emplacement of this dome complex (Cole et al., 2010). 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 Rotomahana (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 domes. Sbg and S indicate subgroup and sequence, 
respectively used in Nairn (2002) and Leonard et al. (2010), which used typically to group a package of 
successive pyroclastic deposits of different ages interlayered by soils.   

Okataina Volcanic Centre eruptive history  

Name of 
pyroclastic 

Sbg or S  

Caldera -
forming  

Ignimbrite  

Lava Dome 
Complex  

Age 
(ka) 

Magma 
volume 
(DRE) 

Notes  Ref. 

Haroharo and 
Tarawera 

(Sbg)  

 Haroharo and 
Tarawera <25 80*  

Intra-caldera 
activity 

[1] 

Mangaone 
(Sbg) Kawerau  

33 >15 
Minor caldera 

collapse 
(suspected) [2] [3] 

[4] 

    
54-31 22 Intra-caldera 

activity 

Rotoehu/Rotoiti 
(S) Rotoiti  54 >100 

Major caldera 
collapse 

[5] [6] 

Te Wairoa (S)   <220 1 

Intra-caldera 
activity 

[1] [4] 

  Moerangi <220 - 
  Tutaeheke <220 - 

Pokopoko (S)   >220 - 

Onuku (Sbg)   322-
240 20 

 Matahina  322 >160 
Major caldera 

collapse 
[7] [8] 

Murupara (Sbg)   340-
322 30 

Intra-caldera 
activity 

[1] [4] 
  ?Matawhaura - - 
  ?Whakapoungakau - - 
  ?Maungawhakamana - - 

 Utu  557 90 Major caldera 
collapse 

[9] [10] 

  ?Matawhaura - - 

Pre-caldera 
(suspected) 

[1] [4] 
[11] 

  ?Whakapoungakau - - 
  ?Maungawhakamana - - 

Bay of Plenty 
coastal (S) 

  620 - 
 

References cited: [1] Nairn (2002), [2] Jurado-Chichay and Walker (2000), [3] Spinks (2005), [4] Cole et 
al. (2010), [5] Nairn and Kohn (1973), [6] Charlier et al. (2003), [7] Deering et al. (2009), [8] Nairn (1981), 
[9] Leonard et al. (2010), [10] Cole et al. (2014), [11] Manning (1996). See Section 2.3 for a more details 
on individual eruptions.  
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2.3.4 Post-Rotoiti volcanism: The Mangaone eruptions (<54�±31 ka) 

The Mangaone Subgroup represents the last eruptive activity of the OVC before the recent post-

25 ka period of intra-caldera eruptions (Jurado-Chichay and Walker, 2000; Smith et al., 2002). 

The deposits of the Mangaone Subgroup occupy a stratigraphic position between the �ý54 ka 

�5�R�W�R�L�W�L�� �,�J�Q�L�P�E�U�L�W�H�� �D�Q�G�� �W�K�H�� �7�D�X�S�À-sourced �ý25.5 ka Oruanui Ingmibrite (Wilson, 2001; 

Vandergoes et al. 2013; Barker et al., 2021).  

The Mangaone Subgroup consists of a series of 12 rhyolitic to rhyodacitic Plinian-type eruptions 

which occurred from several eruptive vents widely dispersed within the Okataina caldera and 

Puhipuhi basin (Jurado-Chichay and Walker, 2000; Smith et al., 2002; Shane et al., 2005; Cole et 

al. 2010). The 12 associated fall deposits are named unit A to L, with the largest (>1 km3) PDC 

deposits emplaced during the units I (in addition to the Kawerau Ignimbrite) and L eruptions 

(Jurado-Chichay and Walker, 2000; Cole et al., 2010). The Plinian fall deposits are generally 

well-sorted and consist of highly vesicular pumice and typically abundant lithic clasts. Some of 

the deposits are associated with episodes of various level of magma-water interaction during the 

eruptive activity (Jurado-Chichay and Walker, 2001). The cumulative DRE volume of erupted 

magma associated with the Mangaone Subgroup (excluding the Kawerau Ignimbrite) is 22 km3, 

corresponding to a cumulative deposit volume of �ý80 km3 (Jurado-Chichay and Walker, 2000; 

Cole et al., 2010).  

No lavas have been recognised from this eruptive period; however, many deposits are rich in 

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 post-25ka activity at the Tarawera and Haroharo dome complexes (Cole et al., 2010) 

The Mangaone eruptive period lasted about 15 kyr until 31 ka (Jurado-Chichay and Walker, 2000, 

Leonard et al., 2010). During this period, at �ý33ka a large eruption occurred emplacing the 

Kawerau Ignimbrite (Spinks, 2005; Cole et al., 2014) whose deposit volume has been estimated 

to vary between 15 and 50 km3 (Spinks, 2005). Vents for the Kawerau ignimbrite are inferred in 

the southern part of the OVC to the west of the Puhipuhi Basin (Cole et al., 2010). The ignimbrite 

was correlated with the largest Plinian-type eruptions (Unit I) of Jurado-Chichay and Walker 

(2000), and it represents the largest eruption at OVC since the 54 ka Rotoiti/Rotoehu eruption 

(Spinks, 2005; Cole et al., 2010). It has been suggested by Spinks (2005) 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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2.3.5 Recent intra-caldera volcanism (~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 dome-forming eruptions (Table 2.2), 

and by two basaltic eruptions (Nairn, 2002). All these eruptions, with the exception of the basaltic 

Rotokawau event (see below), occurred from two NE-trending, linear zones of clustering of vents 

that transect the Okataina caldera in the northern (Haroharo vent lineament) and southern parts 

(Tarawera vent lineament) (Nairn, 2002; Cole et al., 2010; Seebeck et al., 2010). Five rhyolitic 

eruptions (Te Rere, Rotorua, Rotoma, Mamaku and Whakatane eruptions) occurred from the 

northern vent zone (Haroharo), building over time the Haroharo dome complex and emplacing 

lava also at Okareka and Rotoma (Fig. 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 (Tarawera), which ultimately built the Tarawera dome 

complex (Fig. 2.3; Fig. 2.4) (Nairn, 2002; Shane et al., 2007). During each rhyolitic eruption 

multiple, aligned eruptive vents were active. 

The most recent volcanic event of the centre is the historical 1886 CE Plinian basaltic eruption, 

which developed from a 17-km-long fissure that cut through the domes of Mt Tarawera (Fig. 2.1) 

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

al., 1984; Sable et al., 2006; Carey et al., 2007; Keam, 2016; Rowe et al., 2021). Another basaltic 

event, the ~3.4 ka Rotokawau maar-forming eruption, occurred instead at vents aligned E�±W just 

west of the Okataina caldera topographic borders, south of lake Rotoiti (Fig. 2.3). The Rotokawau 

eruption consisted of phreatomagmatic and strombolian explosions emplacing fall and small-

volume PDC deposits, rapidly thinning away from the vent (Beanland and Houghton, 1991; 

Houghton and Smith, 1993; Nairn, 2002).  

In the following two sections, descriptions of the main characteristics of the nine <25 ka rhyolitic 

eruptions from the OVC are presented (see also Table 2.2 for a summary). Eruption ages, if not 

stated otherwise, are given in ka cal. BP according to Lowe et al. (2008; 2013). For a review on 

the Kaharoa eruption the reader is referred to Section 3.2.2 in Chapter 3.  
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Table 2.2 �± Summary of the main characteristics of the post-25 ka intra-caldera rhyolitic eruptions from 
the OVC. Note: all eruptions are multi-phase, multi-vent and mixed explosive to effusive. see Sections 
2.3.5.1 and 2.3.5.2 for more details. Key for location: LV = vent lineament; H = Haroharo; T = Tarawera; 
HDC = Haroharo Dome Complex; TDC = Tarawera Dome Complex; OB = Okareka basin; RB = Rotoma 
basin. Recognized type of discrete magmas erupted during individual eruption (number of discrete magmas 
erupted is also indicated): R = rhyolitic magma; B = basaltic magma; RD = rhyodacitic (mixed and mingled 
compositions). PDC = pyroclastic density current; co-PDC = PDC-derive buoyant plume; BAF= block-
and-ash flow; PM = inferred phreatomagmatic activity. 

Eruption general characteristics  

Eruption  
name 

Age  
(ka cal. BP)  VL Vent 

position  
Magma  

types erupted  

Deposit 
volume 
(bulk)  

Deposit 
volume 
(conv. 
DRE) 

Lava 
volume  

Kaharoa [1] 0.636 T TDC 2R  
(minor RD & B) 16.5 8.2 0.84 

Whakatane [2] 5.6 H HDC 3R 6 2.6 8.53 

Mamaku [3] 8 H HDC 1R 1.2 - 12 

Rotoma [4] 9.5 H HDC & 
RB 3R 5.6 2.2 5 

Waiohau [5] 13.6 T TDC 1R  
(minor B) 4.5 - 10 

Rotorua [6] 15.4 H OB 2R 2.7 - 1 

Rerewhakaaitu[7] 17.6 T TDC 2R  
(minor B) 7.6 - 5.7 

Okareka [8] 21.8 T TDC 
3R  

(minor B) 12 - 5 

Te Rere [9] 25.2 H HDC & 
OB 1R (?) 5 - 10 

 

Inferred type of eruptive and depositional styles during individual eruption  

Eruption 
name 

Plinian -
type  

Minor explosions  
   (Dry)         (PM)  

PDC co-PDC Lava 
flow  

Lava 
dome  BAF Debris 

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] Sahetapy-Engel et al. (2014); [2] Kobayashi et al. (2005); [3] and [4] Smith et al. 
(2006); [5] Speed et al. (2002); [6] Kilgour and Smith (2008); [7] and [8] Darragh et al. (2006); [9] Nairn 
(2002). See text for more details  
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2.3.5.1 �± Rhyolitic eruptions from the Haroharo vent lineament 

Te Rere (Nairn 1992; 2002). After a period of quiescence that lasted for ~6 kyr, eruptive activity 

resumed at the OVC with the 25.2 ka cal. BP Te Rere eruption. The eruption occurred at two 

spatially separated (20 km apart) cluster of vents at Haroharo dome complex and at Okareka (Fig. 

2.4). The duration of the eruption is unknown. 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. 

Explosive activity 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). Characteristic obsidian-rich 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. The eruption deposited up to 5 km3 of 

pyroclastic deposits and emplaced 10 km3 as lava flows and dome (13 km3 of total magma 

erupted). 

Rotorua (Nairn, 1980; 2002; Smith et al., 2004; Shane et al., 2007; Kilgour and Smith, 2008). 

The 15.4 ka cal. BP Rotorua eruption 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 

tephra 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 increasing in the 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 suggested as related 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. The second 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 crystal-rich 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 km3, plus an estimated 0.1 km3 volume of pyroclastic deposits 

associated with the second phase of the eruption. Volumes of the domes are estimated at 1 km3 

(Nairn, 2002). 
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Rotoma (Nairn, 2002; Smith et al., 2006). The 9.5 ka cal. BP Rotoma eruption occurred from at 

least six suspected aligned eruptive vents over a 12-km-long segment of the Haroharo vent 

lineament, from the subsidiary Rotoma basin into the Okataina caldera. The eruption consists of 

Plinian-style activity, minor phreatomagmatic explosions and by the extrusion of lavas at the 

Rotoma 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 dome complex, 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 ring. Plinian 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 produced PDCs 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 a 200m-thick fan. The total volume of fall deposits is calculated at ~5.15 km3 (DRE 

volume = ~2.2 km3), while PDC units account for 0.5 km3. The total volume of the lava flows is 

estimated at >5 km3. 

Mamaku (Nairn, 2002; Smith et al., 2006). The 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 explosive 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 

according to Nairn (2002) while it initiated with phreatomagmatic and Plinian activity according 

to Smith et al. (2006). After a period long enough for the lava surfaces to have cooled, Nairn 

(2002) suggests Plinian events took place which were preceded by phreatomagmatic 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 preceded extrusion of other lava domes and flows. The Mamaku 

eruption ended with suspected phreatic (Nairn, 2002) or phreatomagmatic explosions (Smith et 

al., 2006) at a crater outside the caldera rim, west from the Te Horoa lava dome which separates 

Lake Okataina from Lake Tarawera (Fig. 2.4). A magma volume of ~12 km3 was estimated for 

the extruded lavas during the Mamaku eruption. Fallout and PDC deposit totalled a bulk volume 

of 1.2 km3. The Mamaku eruption emplaced the largest volume of lava during any single eruptions 

of the post-25 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; Smith et al., 2006). 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 and domes. 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 Haroharo-Rotokohu middle vent area; the Pararoa vent at the 

NE margin of the dome complex, adjacent to the caldera rim. The eruption was characterised by 

the typical mixed, explosive-effusive, rhyolitic activity of the post 25-ka period of the centre. 

During the eruption, ~8.5 km3 DRE of magma was erupted as lava domes and flows while a total 

of ~2.6 km3 DRE of magma was erupted explosively forming pyroclastic deposits.  

 

 

Figure 2.4 �± Map of the post-25 ka intra-caldera rhyolitic lavas and domes of the OVC, modified after 
Villamor et al. (2007).  
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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 have occurred simultaneously. The Whakatane eruption 

began with two vent-opening explosions at the Haroharo-Rotokohu vent area, generating directed 

blasts and emplacing multiple coarse lithic-rich beds. These explosions were immediately 

followed by activity at the Makatiti vent, 6 km SW from the preceding vent, which generated 

diluted PDCs (depositing fine-grained 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 north-eastern 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 the source, PDC deposits 

accumulated up to thicknesses of 50 m. Minor explosions are inferred to have occurred at the 

same time from the Haroharo-Rotokohu vent area and at Pararoa vent. Explosions at Haroharo-

Rotokohu resulted in the formation of a tuff cone. Timing of the initial activity at Pararoa vent is 

not well constrained, however vent-opening phreatomagmatic explosions are suggested to have 

produced fine ash deposits bearing ballistic clasts. The main explosive activity at Pararoa vent 

consisted of Vulcanian 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 commenced during the 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 stopped, and they represent the final phase of the Whakatane eruption. 

Based on the data available, Kobayashi et al. (2005) suggested a probable duration for the entire 

eruption sequence (explosive and lava activities) of more than ten years, accounting for the growth 

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 Haroharo crater. 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 

km3 of lava, 2.3 km3 DRE of the whole Plinian fall deposit and 0.2 km3 DRE of PDC deposits. 

Lava flows and domes at Haroharo-Rotokohu and Pararoa have estimated volume of 1 and 0.03 

km3 respectively, and of 0.285 and 0.0065 km3 DRE 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., 2008). The 21.8 ka cal. BP 

Okareka eruption marked the beginning of the eruptive activity at the Tarawera vent lineament. 

The Okareka eruption, 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 domes (Fig. 2.4). The eruption was characterised by an initial explosive phase 

consisting of nine inferred events (units A to I in Darragh et al. 2006) 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 depositing ash beds containing mingled basalt-rhyolite 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 package of fall, PDC, and co-PDC beds (Unit D, E and F); (iv) a possible subplinian, 

mainly magmatic, event depositing fall beds (Unit G); (v) activities of non-specified eruptive 

origins (due to very limited exposures) that emplaced a massive well sorted fine-ash fall deposit 

(Unit H) and a distinctive orange-brown 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 and co-PDC ash fallout. The bulk deposit volume is estimated at 

11.9 km3 ���W�H�U�P�H�G���³�Q�R�Q-�F�R�Q�V�R�O�L�G�D�W�H�G�´���L�Q���'�D�U�U�D�J�K���H�W���D�O��, 2006). Soon after the explosive activity, 

the Okareka eruption progressed toward a final effusive phase characterised by the extrusion of 5 

km3 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 post-25 ka eruptions, the duration of the 

effusive phase is estimated at 2-3 years. 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 inferred to have intruded at the base of the rhyolitic plumbing 

system, ultimately reaching the surface (Shane et al., 2008). 

Rerewhakaaitu (Nairn, 2002; Darragh et al., 2006; Shane et al., 2007). The 17.6 ka cal. BP 

Rerewhakaaitu eruption occurred at the SW end of the 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, was suggested by Nairn (2002) 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 pyroclastic 
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sequence was divided into 14 units (A to N) according to Darragh et al. (2006). The initial A unit 

was emplaced by an early Plinian event, which dispersed fall beds mostly to ENE from eruptive 

columns of up to 15 km in height. Units B-D consist of stratified, poorly sorted, and lithic-rich 

ash beds, which have been suggested sourced from phreatomagmatic explosions, marking an 

abrupt change in the eruption dynamics. Units B-D were widely dispersed around the vent, with 

lobes to the NE and SE. Units E-J were deposited from 20-25 km high Plinian eruptive columns 

that dispersed tephra to the SE. The E-J package alternate ash and lapilli beds interpreted as 

fluctuations in eruption intensity. Unit K consists of fine-grained, well-sorted ash beds, 

representing a decline in the explosive activity. Deposit of Units L-N have similar characteristic 

of Units E-J, possibly representing fall beds deposited from a renewed convective column. 

Explosive activity formed a tuff cone on the eastern margin of the Rotomahana dome. The 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 km3. Lava domes and one flow totalled a magma volume of 5.7 km3. 

The eruption is suggested to have lasted for months to years 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 rhyodacitic hybrid glass inclusions accompanied by mineral phases typical of basaltic 

to andesitic magmas (e.g., olivine, calcic plagioclase phases, and magnesium-rich 

orthopyroxenes). These are inferred to indicate involvement of a basaltic magma during the 

eruption (Shane et al., 2007). 

Waiohau (Nairn, 2002; Speed et al., 2002; Shane et al., 2008). The 13.6 ka cal. BP Waiohau 

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 present-day Mt Tarawera. Explosive activity 

possibly occurred only at Kanaka the vent area (Nairn, 2002). The eruption 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 et al. (2002) into 15 events each resulting in the 

deposition of a stratigraphic unit in the Waiohau 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 

�S�U�R�J�U�H�V�V�H�G�� �W�R�Z�D�U�G�� �W�K�H�� �G�H�S�R�V�L�W�L�R�Q�� �R�I�� �I�D�O�O�� �E�H�G�V�� �I�U�R�P�� �3�O�L�Q�L�D�Q�� �D�Q�G�� �V�X�V�S�H�F�W�H�G�� �³�S�K�U�H�D�W�R�S�O�L�Q�L�D�Q�´��

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 Plinian activity progressed, the vent 

possibly widened or migrated resulting in the destruction of an obsidian dome/cryptodome or lava 

built during the same eruption, and emplacing obsidian-bearing lapilli bed (unit F). Immediately 

after, small explosions and fallout events 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 activity (L-M) 

was followed by a major failure of the NE flanks of the Mt Tarawera. The sector collapse resulted 

in the emplacement of a thick deposit either as a series of block-and-ash flows, or as one debris 

avalanche. The collapse possibly induced a sudden decompression of underlying magma, 

triggering explosions that possibly generated the PDCs 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 period of days, while the lava flows and domes were possibly emplaced within 

years. The total volume of magma erupted as lava was 10 km3 (Shane et al., 2008), while a deposit 

volume for the whole pyroclastic sequence is estimated at 4.53 km3 (Speed et al., 2002). The 

Waiohau eruption, together with the Mamaku eruption from Haroharo dome complex, might have 

been the only two eruptions of the post-25 ka activity that began with the extrusion of lava as 

flow or dome. Similarly with the Mamaku eruption, only one magma batch was likely tapped 

during the Waiohau eruption. No basaltic component is found in the deposits, however Shane et 

al. (2008�����L�Q�G�L�F�D�W�H�G���W�K�D�W���U�D�U�H���E�D�V�D�O�W�L�F���D�Q�G���D�Q�G�H�V�L�W�L�F���F�O�D�V�W�V���R�F�F�X�U���Z�L�W�K�L�Q���D���³�U�K�\�R�O�L�W�H���E�U�H�F�F�L�D�´���G�H�S�R�V�L�W��

erupted from a third vent, near Lake Rotomahana, suggesting the involvement of basaltic magma 

also for the Waiohau eruption. 

Kaharoa eruption, 0.636 ka cal. BP (see Section 3.2.2 in Chapter 3). 

 

 

2.4 Summary 

The OVC is one of the most frequently active, rhyolitic-dominated centres of the modern TVZ 

(New Zealand). The eruptive activity of the centre possibly started as early as 625 ka with 

explosive eruptions distributing rhyolitic, cummingtonite-bearing, tephra layers towards the Bay 

of Plenty and with effusive events emplacing lava domes in the pre-caldera Okataina area.  

The volcanic evolution of the centre was punctuated by three very large, caldera-forming 

eruptions (individual DRE erupted volumes ranged from 90 up to 160 km3) resulting 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 557 ka, 322 ka and 54 ka, respectively, giving an average ~250 kyr between 

consecutive major caldera collapse events.   
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Volcanism periodically occurred with rhyolitic intra-caldera eruptions during the intervals 

between each caldera collapse events and continued after the 54 ka Rotoiti/Rotoehu eruption. 

Although not much data is available on the pre-Rotoiti intra-caldera eruptions, eruptive activity 

is inferred to have been characterised by periods of repeated Plinian-type eruptions. This type of 

activity resulted in the formation of packages of pyroclastic 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 forming different lava domes complexes (e.g., Moerangi and Tutaeheke dome 

complexes). Vents for the pre-Rotoiti, intra-caldera eruptions were located both within and 

outside the caldera margins.  

More constraints are available for the eruptive history of the centre following the 54 ka 

Rotoiti/Rotoehu, caldera-forming eruption. Two periods are conventionally recognised: the (i) 

54-31 ka period associated with the Mangaone eruptions and the (ii) post-25 ka period associated 

with the Haroharo and Tarawera eruptions. The 54-31 ka Mangaone period was characterised by 

a series of twelve, rhyolitic to rhyodacitic, Plinian-type eruptions whose deposits form the 

Mangaone Subgroup. Activity during this period developed at inferred vents widely dispersed 

within the Okataina caldera and at the Puhipuhi basin. The emplacement of the Okataina-sourced 

Kawerau Ignimbrite (15-50 km3 deposit volume) was correlated to the Mangaone period, possibly 

causing a minor caldera collapse event at 33 ka.  

The post-25 ka period consisted instead of nine rhyolitic eruptions and two basaltic eruptions, 

including the 1886 CE basaltic fissure eruption of Tarawera. Contrary to the 54-31 ka Mangaone 

period, individual post-25 ka rhyolitic eruptions exhibited mixed explosive-and-effusive eruption 

behaviour. Eruptions typically started with an explosive phase(s) characterised by sustained 

Plinian-type events and minor ash explosions, followed by the extrusions of lava. Rhyolitic vents 

during the post-25 ka period are located along two subparallel, NE-trending 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 built, over time, the Harharo and the Tarawera intra-caldera dome 

complexes, which also emplaced lavas 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 caldera collapse events and intra-caldera 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 at the �7�D�X�S�À�����1�H�Z���=�H�D�O�D�Q�G��, Campi 

Flegrei (Italy) and Valles-Toledo (USA) caldera systems (Heiken et al., 1990, Barker et al., 2021; 

Bouvet de Maisonneuve et al., 2021). The intra-caldera eruptive activity can vary largely in 
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magnitude and eruptive style, from small to moderate scale eruptions (<0.1km3 DRE), up to 

moderate to large scale eruptions (0.1�±10 km3 DRE, Table 1.1) reaching Plinian intensities and 

often associated with an effusive phase. At Okataina, in the past 54 kyr following the youngest 

major caldera-forming eruptions, a total of twenty-one rhyolitic and one basaltic, moderate to 

large scale eruptions have occurred, erupting individual volumes of >1km3 DRE of magma, while 

small to moderate eruptions appear to have been very rare. This seems to differ from the intra-

caldera activity at other polycyclic caldera systems, in which smaller scale eruptions (<1km3 

DRE) represent instead the more frequent eruptive activity of the centre following a caldera 

collapse event (e.g., at �7�D�X�S�À���R�U at Campi Flegrei). The larger magnitude intra-caldera eruptions 

at Okataina can suggest favourable conditions for the rapid formation and recharge of larger 

volumes of eruptible magma batches in the shallow crust (Giordano and Cashman, 2014; Sas et 

al., 2019) possibly aided by the subduction-and-extension tectonic setting in which the Okataina 

caldera system formed (Seebeck et al., 2014; Sas, 2020) (see also Chapter 6). Furthermore, the 

locations of the post-25 ka eruptive vents along two subparallel linear zones with orientation 

�F�R�Q�V�L�V�W�H�Q�W���W�R���W�K�D�W���R�I���W�K�H���7�D�X�S�À���5�L�I�W�����D�O�V�R���V�X�J�J�H�V�W���P�D�J�P�D���W�U�D�Q�V�I�H�U���D�Q�G���H�U�X�S�W�L�R�Q���D�O�R�Q�J���S�U�H-existing 

regional structures at depth (Nairn, 2002). 
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3.1 Introduction  

Rhyolitic eruptions occur less frequently compared to eruptions fed by intermediate to mafic 

magmas (White et al., 2006; Crosweller et al., 2012). However, they can generate the most 

voluminous and catastrophic volcanic explosive events on Earth (Mason et al., 2004; Miller and 

Wark, 2008; Bryan et al., 2010). Due to the lack of direct observations and monitoring data, the 

reconstruction of the dynamics and time evolution of rhyolitic eruptions is mostly based on the 

investigations of the pyroclastic successions and lavas emplaced during these events (e.g., 

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 materials (e.g., 

Smith et al., 2006; Shane et al., 2008; Houghton et al., 2010; Geshi et al., 2020).  

Advancements in the understanding of rhyolitic volcanism were made possible by a series of 

multi-disciplinary studies focused on two very recent rhyolitic eruptions: the 2008-2009 eruption 

of Chaitén volcano, Chile (Lara, 2009) and at the 2011-2012 eruption of the Puyehue-Cordón 

Caulle volcanic complex, Chile (Castro et al., 2013). These eruptions offered for the first time a 

direct observation of the complex and long-lasting eruptive activity associated with moderate- to 

large-scale (~1 km3 pyroclastic deposit volume) rhyolitic eruptions and their impacts on modern 

society (Elissondo et al., 2016; Craig et al., 2016; Forte et al., 2018). Studies conducted on these 

eruptions highlighted the composite, multiple-phase nature of the explosive sequence of these 

eruptions, which resulted in the deposition of complex pyroclastic successions (Alfano et al., 

2011; Pistolesi et al., 2015; Bonadonna et al., 2015b; 2015c). Furthermore, these studies provided 

new insights into eruptive dynamics and transition between explosive to effusive-dominated 

eruption behaviours (Castro et al., 2012a; Saubin et al., 2016; Schipper et al., 2013, 2021). 

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

and volcanic hazard scenario planning (Thompson et al., 2015; Stirling et al., 2017�������7�K�H���7�D�X�S�À��

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

have sourced rhyolitic eruptions since the late Quaternary (Wilson et al., 1995; Allan et al., 2008), 

�D�Q�G���K�R�V�W�V���W�Z�R���F�X�U�U�H�Q�W�O�\���D�F�W�L�Y�H���F�D�O�G�H�U�D���V�\�V�W�H�P�V���D�W���W�K�H���2�N�D�W�D�L�Q�D���D�Q�G���7�D�X�S�À���V�L�O�L�F�L�F��volcanic centres 

(Nairn, 2002; Barker et al., 2021). 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 km3 DRE) dominated by the extrusion of lava-domes (e.g., Leonard, 2003; Kósik et al., 

2019) to very large volume (>10 km3 DRE), up to catastrophic super-eruptions (>450 km3 DRE) 

associated with large caldera collapses (e.g., Wilson, 2001) (see Table 1.1 in Chapter 1).  

During the past ~50 kyr, in the periods between caldera-collapse events, the eruptive activity of 

�W�K�H���7�9�=�¶�V���V�L�O�L�F�L�F���F�H�Q�W�U�H�V���Z�D�V���F�K�D�U�D�F�W�H�U�L�V�H�G���E�\���V�H�Y�H�U�D�O���L�Q�W�U�D-caldera explosive to effusive rhyolitic 
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eruptions, with erupted magma volumes typically ranging from 0.01 to 10 km3 (Wilson et al., 

2009; Leonard et al., 2010). These intra-caldera eruptions emplaced thick, fallout-dominated 

sequences close to the source and widespread thin ash layers and have been broadly classified as 

subplinian and Plinian in eruptive styles (Houghton et al., 1995; Lowe et al., 2008). At the 

Okataina caldera, these pyroclastic deposits display repeated grain size fluctuations and changes 

in deposit structure within any eruption pyroclastic succession (Nairn, 2002), suggesting complex 

eruption sequence and deposition mechanisms. A systematic characterisation of the main 

�G�H�S�R�V�L�W�V�¶���I�H�D�W�X�U�H�V���D�V�V�R�F�L�D�W�H�G���Z�L�W�K���W�K�H�V�H���H�U�X�S�W�L�R�Q�V���L�V���V�W�L�O�O���P�L�V�V�L�Q�J���D�Q�G���F�D�Q���S�U�R�Y�L�G�H���F�U�L�W�L�F�D�O���L�Q�V�L�J�K�W�V��

to better constrain the eruptive behaviours and hazard potential from intra-caldera rhyolitic 

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 stratigraphic schemes for the proximal deposits (Nairn et al., 

2001) and for the medial-to-distal fallout deposits (Sahetapy-Engel et al., 2014) are revaluated 

and complemented to characterise in detail the timing of eruptive events and the occurrence of 

time breaks in the eruption sequence. The in-depth 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 eruptive mechanisms during the 

eruption. This study finally aims to provide a better understanding of moderate to large scale 

rhyolitic eruptions and their possible intra-eruption 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 

extra-caldera lava domes (Wilson et al., 1995; Nairn, 2002; Cole et al., 2010). The Okataina 

caldera, also referred to as the Haroharo caldera in Nairn (2002), is the most recent source of 

rhyolitic volcanism in the TVZ, with the CE 1314 ± 12 (or 636 ± 12 cal. 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 structures (Nairn, 2002; Spinks et al., 

2005; Cole et al., 2014) formed after up to three caldera-forming eruptions, which emplaced large 

volume ignimbrite deposits (90-160 km3 DRE) (Cole et al., 2010; Cole et al., 2014). These 

deposits are dated at ~557 ka (Utu Ignimbrite; Leonard et al., 2010), ~322 ka (Matahina 

Ignimbrite; Leonard et al., 2010), and at ~54 ka (Rotoiti Ignimbrite; Flude and Storey, 2016. See 

section 2.3 in Chapter 2 for ages of the Rotoiti Ignimbrite). Presently, the Okataina caldera system 

consists of a main N-S oriented, 28×16 km collapsed area (the Okataina caldera), resulting in a 

distinct negative gravity anomaly (Seebeck et al., 2010; Stagpoole et al., 2020), with three 

additional minor peripheral basins of subsidence (Rotoma, Puhipuhi and Okareka) at the NE, E 

and W margins of the caldera (Fig. 3.1).  

 

 

Figure 3.1 �± Map of the OVC showing topographic settings, borders of the Okataina caldera and subsidiary 
basins (Puhipuhi basin, Okareka and Rotoma embayments) and approximate margins of the intra-caldera 
Haroharo and Tarawera dome complexes. Location of eruptive vents active 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 Nairn (2002). The inset shows tectonic 
settings of the southern Hikurangi-Kermadec (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 up to Plinian-type in magnitude and intensity, and by the extrusion of rhyolitic 

lava domes and flows, forming several dome complexes (Nairn, 2002; Cole et al., 2010). After 

the Rotoiti/Rotoehu eruption, the last major caldera-forming event of the centre (Nairn, 1972, 

2002; Schmitz and Smith, 2004), a series of twelve rhyolitic to rhyodacitic Plinian-type eruptions 

occurred between < 54 to 31 ka (Jurado-Chichay and Walker, 2001, Leonard et al., 2010) at 

various inferred vents within the Okataina caldera and the Puhipuhi basin (Jurado-Chichay and 

Walker, 2000; Nairn, 2002). Their deposits are collectively referred to as the Mangaone Subgroup 

(Leonard et al., 2010). No lavas seem to have been emplaced during this eruptive period (Cole et 

al., 2010). The > 15 km3 Kawerau ignimbrite deposit emplaced at ~33 ka (Unit I in Jurado-

Chichay and Walker, 2000) was correlated to the Mangaone Subgroup eruptions, possibly causing 

some minor collapse in the caldera system (Spinks et al., 2005; Cole et al., 2014). 

During the past 25 kyr, following the Mangaone eruptions, a second period of intra-caldera 

volcanism occurred at the OVC, consisting of nine, moderate- to large-scale, rhyolitic, explosive 

to dome-forming eruptions. The erupted products of these eruptions formed over time the intra-

caldera Haroharo and Tarawera dome complexes (Nairn, 2002) (Fig. 3.1). Two basaltic eruptions 

also occurred during this period: (i) the historical basaltic Plinian fissure eruption of Tarawera in 

1886 CE (Walker et al., 1984; Sable et al., 2006; Rowe et al., 2021) and the 3.7 ka, small-volume, 

maar-forming, Rotokawau eruption (Beanland and Houghton, 1991; Houghton and Smith, 1993; 

Nairn, 2002). All the <25 ka eruptions (excluding Rotokawau) occurred from multiple aligned 

vents which define two NE-trending vent lineaments that transect the Okataina caldera in the 

northern (Haroharo vent lineament) and the southern parts (Tarawera vent lineament) (Nairn, 

2002; Cole et al., 2010; Seebeck et al., 2010). The location of the Haroharo and Tarawera vent 

lineaments is probably related to underlying basement structures (Nairn, 2002), with both vent 

�O�L�Q�H�D�P�H�Q�W�V���K�D�Y�L�Q�J���R�U�L�H�Q�W�D�W�L�R�Q���F�R�Q�V�L�V�W�H�Q�W���Z�L�W�K���P�D�L�Q���D�F�W�L�Y�H���I�D�X�O�W���W�U�H�Q�G���R�I���W�K�H���7�D�X�S�À��Rift around the 

OVC, with a slight offset at an angle of 10-20° clockwise (Villamor et al., 2011). The lavas and 

pyroclastic sequence from these eruptions at the two vent lineaments are referred to as the 

Haroharo and Tarawera Subgroups in Leonard et al. (2010).  

The intra-caldera Tarawera dome complex (Fig. 3.2) was built during four rhyolitic eruptions that 

occurred along the Tarawera vent lineament: the Okareka (Nairn, 1992; Nairn, 2002; Darragh et 

al., 2006; Shane et al., 2008), the Rerewhakaaitu (Nairn, 2002; Darragh et al., 2006; Shane et al., 

2007), the Waiohau (Nairn, 2002; Speed et al., 2002; Shane et al., 2008) and Kaharoa eruptions 

(Nairn et al., 2001; Nairn, 2002; Leonard et al., 2002; Nairn et al., 2004; Sahetapy-Engel et al., 

2014), dated at 21.8, 17.6, 13.6 and 0.636 cal. kyr BP, respectively (Lowe 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 lava domes extruded during the Kaharoa eruption (Fig. 

3.2). The present configuration of Mt Tarawera is affected by the opening of the 17-km-long 

eruptive fissure during the 1886 CE basaltic eruption (Nairn and Cole, 1981; Carey et al., 2007; 

Rowe et al., 2021).  

 

 

Figure 3.2 �± (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 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 (Crater 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 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 Kaharoa block-and-ash flow 
fans. 

 

Rhyolitic eruptions at Tarawera were characterised by a similar eruptive pattern, characterised by 

a multiple-vent type of activity and by exhibiting an explosive-to-effusive eruption behaviour, in 

which the explosive phases were usually followed by the extrusion of lavas. The explosive activity 

ranged in style within any of these eruptions from minor ash explosions to sustained subplinian 



CHAPTER 3  DEPOSIT AND STRATIGRAPHY 

 

55 
 

and Plinian events (Nairn, 2002). During each of these four eruptions, the explosive phases 

emplaced an estimated total pyroclastic deposit volume ranging between 1.2 to 16.5 km3 (~0.5 to 

8 km3 DRE), while the effusive phases erupted between 0.84 to 5 km3 of lavas as dome and 

coulees (See Table 2.2 in Chapter 2). Although the erupted magma is predominantly 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 Tarawera rhyolitic eruptions (Leonard 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 TVZ and the Okataina caldera system (e.g., Leonard et 

al., 2002; Nairn et al. 2004; Shane et al., 2008; Cole et al., 2014; Sahetapy-Engel et al., 2014), 

and to estimate the associated volcanic hazards of rhyolitic eruptions (e.g., Bonadonna et al., 

2005; Jenkins et al., 2008; Thompson et al., 2015). Furthermore, 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 Island (e.g., Lowe et al., 1998; 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 (Wilson et al., 1995). The deposits of the main explosive activity have been dated at 636 ± 

12 cal. yr BP (calendar date 1314 ± 12 CE) during the austral winter, via wiggle-match dating 

using 14C determination and tree-ring sequences of a carbonised log sampled within the m-thick 

pyroclastic density currents deposits of a proximal Kaharoa outcrop (Hogg et al., 2003; Lowe et 

al., 2013).  

According to Nairn et al. (2001), 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 the NE (Fig. 3.2). The eruption was broadly 

divided into two main parts: (1) after vent opening explosions, the eruption progressed towards a 

series of subplinian to Plinian eruptive columns (Nairn et al., 2001; Sahetapy-Engel 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 present-day summit of 

Mt Tarawera (Nairn et al., 2001) (Fig. 3.2).  

During the Plinian-type 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 SE-NW area, >100 km from the source (Fig. 3.3). The bi-

lobated distribution of the fall deposits was characterised by Sahetapy-Engel et al. (2014), where 

individual multiple fall deposit lobes were identified in medial to distal areas. Nairn et al. (2001) 

suggested that the main explosive activity concluded with the coeval, initial extrusion of a lava 

dome named Crater Dome (estimated volume 3 × 107 m3), which was covered by the later domes, 

named Ruawahia and Tarawera. The total fall deposit volume of the Plinian-type activity was 

more than doubled at 15.5 km3 (7.34 km3 recalculated DRE) by Sahetapy-Engel et al. (2014) 

compared to previous estimations at ~5 km3 (Nairn, 2002), making the Kaharoa eruption one of 

the largest eruptions to have occurred in the post-25 ka eruptive period of the OVC (cf. Nairn, 

2002). Individual fall deposit volumes were estimated at between ~0.1 to 2.55 km3 (0.04 to 1.15 

km3 DRE) (Sahetapy-Engel et al., 2014). In addition, an estimated ~1 km3 volume 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 Tarawera (Sahetapy-Engel et al., 2014). 

Based on proximal ballistic trajectories and tree trunk alignments, a vent was suggested at Crater 

Dome vent for the SE dispersed fall deposits (Nairn et al., 2001), while vent location(s) for the N 

dispersed fall deposits remains more uncertain with sources at either Wahanga (Nairn et al., 2001) 

or Ruawahia vents (Sahetapy-Engel et al., 2014) (Fig. 3.2). 

During the dome-forming activity of the eruption, three lava domes (individual dome volume 

estimated at 2-4×108 m3), Tarawera, Ruawahia and Wahanga, were emplaced from three different 

aligned vents onto previous pre-Kaharoa lavas (Nairn et al., 2001) (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 arrows on Fig 3.2), 

while a smaller BAF fan also extends to the NW from Ruawahia Dome to Lake Tarawera (Nairn 

et al., 2001; Hanenkamp, 2011). The extrusion of the three domes Tarawera, Ruawahia and 

Wahanga was shortly preceded by repeated minor explosions building a pyroclastic cone (RC 

beds in Nairn et al., 2001) around an adjacent vent (vent 5 in Fig. 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 with explosions during the 

pyroclast cone building and lava domes growth (unit M in Nairn et al., 2001; Sahetapy-Engel et 

al., 2014). A fifth small lava extrusion (estimated volume 5×104 m3) named Green Lake Plug 

(Poupoutunoa in Keam, 2016) also occurred at an uncertain time during the eruption (Nairn et 

al., 2001) and is located at the SW end of the Kaharoa vent alignment, on the present-day east 

shore of Lake Rotomahana (vent 1 in Fig. 3.2). The total volume of the various lava domes is 

estimated at 0.84 km3, with associated block-and-ash deposits volume at 0.16 km3 (Nairn et al., 

2001). 
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No written historical accounts are available for the Kaharoa eruption (Nairn et al. 2001). The 

eruption possibly coincides with the first Polynesian settlements in New Zealand (Hogg et al., 

2003). Lowe et al. (2002) and Ashwell et al. (2015�����U�H�S�R�U�W���W�K�H���H�[�L�V�W�H�Q�F�H���R�I���0�—�R�U�L���R�U�D�O���W�U�D�G�L�W�L�R�Q�V��

possibly referring to a pre-1886 CE eruption at Mt Tarawera. The total duration of the eruption is 

estimated at ~4 years based on geological evidence and assumed extrusions rates for the Kaharoa 

lava domes (Nairn et al., 2001). The duration of the initial main explosive activity only is instead 

estimated by Sahetapy-Engel et al. (2014) at a minimum of 9-12 days, based on accumulation rate 

of fall deposits, and up to 40 days according to Nairn et al. (2001). 

 

 

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 Sahetapy-Engel et al. (2014). Individual fall 
deposit isopach maps are reported in Sahetapy-Engel et al. (2014). Inset show the distribution of the visible 
distal limit of the Kaharoa deposit reported as ~1-3-cm isopach (Pullar and Birrell,1973). 

 

Repeated basaltic dike injections 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 clasts (Leonard et al., 

2002). A series of hydrothermal explosions across the Waiotapu-Rotomahana geothermal fields, 

~10-20 km SW of Mt Tarawera (e.g., at Lake Okaro), within the Tarawera vent lineament, were 

linked by Nairn et al. (2005) to the time of the Kaharoa eruption, suggesting the presence of an 
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active, ~23-km-long basaltic dike system at depth. Associated deposits, crater formation and 

dynamics of these hydrothermal explosions are also detailed in Montanaro et al. (2020) and in 

Gallagher er al. (2020). 

Nairn et al. (2004) inferred that the eruption sequentially tapped a layered, sill-like magma body 

formed by two main high-silica, rhyolitic magma compositions (76-77 wt.% SiO2), named T1 and 

T2. Erupted materials of T1 magma have slightly higher SiO2 and K2O, and lower CaO and Fe2O3 

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 the SE (Nairn et al., 2004; 

Sahetapy-Engel et al., 2014). A conduit-derived mingled composition of the two T1 and T2 

rhyolitic magmas (named T1+2) was also erupted during the Plinian-type activity and is 

associated with deposits dispersed to the N (Nairn et al., 2004; Sahetapy-Engel et al., 2014). The 

T2 magma was erupted instead later as lava domes. All lava domes have T2 composition, 

excluding the small volume Green Lake Plug lava which has T1 composition (Nairn et al., 2004). 

Rhyodacite bulk compositions (69-72 wt% SiO2) were also measured for scattered clasts within 

the pyroclastic succession and are inferred to derive from the mingling, with some degree of melt 

mixing, of the high-silica magma in the lower parts of the sill-like magma body with the residual 

melt from the intruding and crystalising basaltic magmas (Nairn et al., 2004).  

 

 

3.3 Methods 

 

3.3.1 General field terminology 

The terms proximal, medial, and distal 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 areas (Fig. 3.4). In addition, the 

term very proximal is used to refer at areas within the Mt Tarawera domes and their lower slopes, 

typically up to 3 km from the vent. Kaharoa deposit identifies the whole succession of pyroclastic 

beds emplaced during the explosive phases of the eruption, while deposit or bed alone is used to 

refer to any body of volcaniclastic material within the studied outcrops, without any stratigraphic 

designation or genetic origin. Pyroclastic deposit indicates primary volcaniclastic deposit (sensu 

White and Houghton, 2006), whereas deposits formed by syn-eruptive or immediate post-eruptive 

resedimentation of pyroclastic deposits are referred here as resedimented volcaniclastic deposit 

(sensu McPhie et al., 1993). 



CHAPTER 3  DEPOSIT AND STRATIGRAPHY 

 

59 
 

 

Figure 3.4 �± Shaded relief map of the studied area with locations of the investigated stratigraphic 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 from Land Information New Zealand - LINZ, data component of the Topo50 and Topo250 
map series (https://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 south, southeast, and northeast from Mt Tarawera, in proximal to medial areas (Fig. 3.4). 

Coordinates of each site are reported in Appendix A. Deposits in very proximal areas were not 

accessible during this work due to burial by later lava domes extrusion and by block-and-ash 

flows deposits, and to thick vegetation cover. Accumulation of thick scoria deposits within the 
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CE 1886 eruptive fissure cutting SW-NE Mt Tarawera (Sable et al., 2006) also prevent detailed 

observations of the underlying near-vent Kaharoa beds. Field observations were taken at natural 

and road cuts, quarries and at hand-dug sections. At each site, a detailed stratigraphic log of the 

pyroclastic succession was measured and described, recording the distinctive lithological and 

sedimentological characteristics 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 the eruption, all source-

to-�R�X�W�F�U�R�S���G�L�V�W�D�Q�F�H�V���U�H�S�R�U�W�H�G���L�Q���W�K�L�V���Z�R�U�N���D�U�H���P�H�D�V�X�U�H�G���I�U�R�P���0�W���7�D�U�D�Z�H�U�D�¶���V�X�P�P�L�W���D�W���5�X�D�Z�D�K�L�D��

Dome (vent 4 in Fig. 3.2; vent in yellow in Fig. 3.4), if not otherwise specified. The Ruawahia 

vent, buried by the later dome, is located approximately in the middle of the 8-km-long Kaharoa 

vents alignment described in 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 sedimentary structure), as well as based on 

�W�K�H���X�Q�L�W�V�¶���V�S�D�W�L�D�O���G�L�V�W�U�L�E�X�W�L�R�Q���D�Q�G���V�W�U�D�W�L�J�U�D�S�K�L�F���S�R�V�L�W�L�R�Q���L�Q���W�K�H���S�\�U�R�F�O�D�V�W�L�F���V�X�F�F�H�V�V�L�R�Q�����7�K�H���X�Q�L�W�V��

here identified are therefore intended as lithostratigraphic units (see Lucchi, 2013; Martí et al., 

2018). A unit may consist of a single bed or a package of beds, which form a bed-assemblage 

distinguishable from the over- and 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 are related to 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 activity or a transient Vulcanian explosion). Within the pyroclastic succession, units 

showing similar features are grouped into deposit types (e.g., Houghton et al., 2004; Pardo et al., 

2011; Voloschina et al., 2020), suggesting similar transport-depositional mechanisms and 

eruptive processes at source, occurring at repeated times during the eruption. Vertical variations 

in sedimentary/lithological characteristics within a unit are related to temporal changes in eruptive 

and/or environmental conditions influencing the transport and deposition of the pyroclasts 

forming the unit. 

Based on the type of contact between units and on other lines of evidence (e.g., interpreted delayed 

ash sedimentation from parental eruptive columns) suggesting short time breaks (hours to days) 

(e.g., Wilson, 2001) the eruption sequence is subdivided in discrete intra-eruption episodes (e.g., 

Fierstein and Hildreth, 1992). An episode is defined here as an interval of time during the eruption 

characterised by a relatively continuous eruptive activity bounded by short time breaks and 

exhibiting a consistent eruptive style. One or more units represent deposition during an intra-
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�H�U�X�S�W�L�R�Q���H�S�L�V�R�G�H�����)�L�Q�D�O�O�\�����E�D�V�H�G���R�Q���W�K�H���U�H�F�R�Q�V�W�U�X�F�W�H�G���V�W�U�D�W�L�J�U�D�S�K�\���D�Q�G���X�Q�L�W�V�¶���L�Q�W�H�U�S�U�H�W�D�W�L�R�Q�V�����W�K�H��

eruption sequence is later organised into eruptive phases, according to the dominant inferred 

eruptive style (e.g., Cioni et al., 2003; Arce et al., 2005; Saucedo et al., 2010; Torres-Orozco et 

al., 2018) and/or the identification of prolonged time breaks (a week up to a few months) in the 

eruptive activity (e.g., Mele et al., 2011; Bebbington and Jenkins, 2019). 

 

3.3.3 Analytical methods 

At key sites (sections 2, 18, 24 and 28, Fig. 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 distribution (GSD) of individual beds was obtained by combining results of manual 

�V�L�H�Y�L�Q�J�����F�R�Q�G�X�F�W�H�G���R�Q���W�K�H���S�D�U�W�L�F�O�H���I�U�D�F�W�L�R�Q���Z�L�W�K���L�Q�W�H�U�P�H�G�L�D�W�H���G�L�D�P�H�W�H�U�V���•�������P�����������¥, with �¥ = 

�í�O�R�J2 �R�I���W�K�H���S�D�U�W�L�F�O�H���G�L�D�P�H�W�H�U���L�Q���P�P�����D�Q�G���R�I���O�D�V�H�U���G�L�I�I�U�D�F�W�L�R�Q���W�H�F�K�Q�L�T�X�H�V���I�R�U���W�K�H���I�U�D�F�W�L�R�Q���”�������P����

Samples were dried for �D�W���O�H�D�V�W���������K���L�Q���D�Q���R�Y�H�Q���D�W���7��� ���������ƒ���&���D�Q�G���G�U�\���V�L�H�Y�H�G���G�R�Z�Q���W�R���������P�����D�W��

0.5�¥ �L�Q�W�H�U�Y�D�O�V�����7�K�H���I�U�D�F�W�L�R�Q���F�R�D�U�V�H�U���W�K�D�Q�����������P���������¥) was sieved by hand shaking to minimize 

�D�U�W�L�I�L�F�L�D�O���E�U�H�D�N�D�J�H���R�I���S�X�P�L�F�H���F�O�D�V�W�V�����Z�K�L�O�H���W�K�H���I�U�D�F�W�L�R�Q���E�H�W�Z�H�H�Q�����������D�Q�G�����������P���������¥ and +4�¥) was 

dry sieved using a mechanical shaker for a maximum of five minutes. The grain size distribution 

�R�I�� �W�K�H�� �U�H�P�D�L�Q�L�Q�J�� �I�U�D�F�W�L�R�Q�� �I�L�Q�H�U�� �W�K�D�Q�� �������P�� �Z�D�V�� �F�K�D�U�D�F�W�H�U�L�V�H�G�� �G�R�Z�Q�� �W�R�� ���� ���P�� ���������¥) via laser 

diffraction particle analysis, using a laser diffraction particle size analyser, model Partica LA 

950V2 of HORIBA, Ltd. at Massey University. The grain size distribution parameters median 

diameter and sorting coefficients (Md�¥ �D�Q�G���1�¥, respectively) are calculated according to Inman 

(1952). Sorting classes for pyroclastic deposits adopted in this work are modified form Cas and 

Wright (1987�����D�V���I�R�O�O�R�Z�V�����Y�H�U�\���Z�H�O�O���V�R�U�W�H�G�����1�¥ = 0�±�������Z�H�O�O���V�R�U�W�H�G�����1�¥ = 1�±2; moderately sorted, 

�1�¥ = 2�±�������S�R�R�U�O�\���V�R�U�W�H�G�����1�¥ = 3�±�������Y�H�U�\���S�R�R�U�O�\���V�R�U�W�H�G�����1�¥ >4. Sohn and Chough (1989) is referred 

for grain size nomenclatures. The complete dataset for results from grain size analyses is reported 

in Appendix B. 

The relative abundance of clast components was estimated for different individual coarse-grained 

(coarse ash to lapilli-dominated) units. Typically, 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 either bedding 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 from the vent (6-7 km). 

Additional samples were collated at section 28 (Fig. 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 

�H�D�F�K���J�U�D�L�Q���V�L�]�H���F�O�D�V�V���G�R�Z�Q���W�R���•���P�P���R�U���•���������P����Components were then counted and weighed, 

�D�Q�G�� �U�H�V�X�O�W�V�� �D�U�H�� �U�H�S�R�U�W�H�G�� �L�Q�� �Z�W�������� �)�R�U�� �F�R�D�U�V�H�� �J�U�D�L�Q�� �V�L�]�H�V���� �W�\�S�L�F�D�O�O�\�� �•��-8 mm, the componentry 

analysis is performed in the entire particle population of each grain size class (as typically particle 

populations consisted of less than 250 particles), while for finer grain sizes componentry analysis 

is performed on aliquots of 300-600 particles (Houghton and Carey, 2015). With respect to the 

whole-sample weight, the percentage of the sample analysed for componentry was typically >90 

wt.% for samples of lapilli-dominated deposits, and 50-80 wt.% for samples of coarse ash 

deposits. The complete dataset for results from componentry analyses is reported in Appendix C. 

Vesicularity of juvenile clasts reported in the text are descriptive visual estimations; vesicularity 

is described following Houghton and Wilson (1989). 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 the east-southeast (sections 25, 27 and 28, Fig 3.4). To the 

southwest, the Kaharoa beds thin rapidly away from the vent and have not been observed west 

from Lake Tarawera. The proximal-to-medial Kaharoa deposit consists of alternating plane-

parallel, cm- to- dm-thick, lapilli-dominated beds and cm-thick ash beds, mantling the paleo-

topography, later interpreted as fall deposits. Within the studied area, the succession comprises 

also topographically controlled, cm- to- m-thick, pumice lapilli-bearing, ash deposits, later 

interpreted as pyroclastic 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 ash beds (Fig. 3.5). These inter-lapilli ash 

beds are typically few-cm-thick up to medial sites, moderately sorted, with fine ash content (<63 

µm) 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 outcrops. However, lateral 

correlations are not always straightforward, as the two-fold structure 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 dispersal of the 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), sub-angular to sub-rounded pumice clasts 

(hereafter white pumice) and by subordinate obsidian juvenile and lithic fragments. In addition, 

the lapilli beds dispersed to the east-southeast and north from Mt Tarawera also contain 

phenocryst-rich, greyish-coloured pumice clasts whit abundant basaltic inclusions (hereafter grey 

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

The contacts between pyroclastic beds in the succession are typically plane-parallel and vary from 

sharp, marked by the abrupt 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 dm-deep erosional gullies at one stratigraphic horizon (i.e., contact between 

A3 and L3 units; Fig. 3.5). Similar dm-thick erosive gullies are reported also by Sahetapy-Engel 

et al. (2014) higher in the stratigraphic sequence (i.e., contact between units L6 and A7). No major 

erosive unconformities or paleosols have been observed 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 long; Isaia et al., 2004). 

In medial areas, the Kaharoa deposit is bracketed between a brown paleosol developed atop of 

�W�K�H���S�X�P�L�F�H���G�H�S�R�V�L�W�V���I�U�R�P���W�K�H�����������“�������&�(���7�D�X�S�À���<���H�U�X�S�W�L�R�Q����Wilson and Walker, 1985; Lowe, 

2016) and a thin black soil underlying the scoria deposits of the CE 1886 Tarawera eruption 

(Walker et al., 1984; Rowe et al., 2021). Th�H���7�D�X�S�À���S�X�P�L�F�H�V���I�R�U�P���H�L�W�K�H�U���D���G�L�V�F�U�H�W�H���F�P-thick, fine 

to medium lapilli layer or discontinuous pockets within the pre-Kaharoa paleosol. In the absence 

of marker beds, the diagnostic biotite phenocrysts content of the Kaharoa pumice clasts was used 

to distinguish the Kaharoa deposit from other older similar deposits from Mt Tarawera and nearby 

centres along the Haroharo vent lineament (Nairn et al., 2004; Lowe et al., 2008). At several 

outcrops in proximal and medial areas, the Kaharoa deposit directly overlies a distinct grey-to-

purple-coloured layer consisting in weathered volcanic material, medium to fine ash in size, with 

scattered lapilli pumice clasts, named P-layer in this work (Appendix A for field photos). The 

contact of the P-layer with the Kaharoa deposit varies from plane-parallel to undulated and is 

marked by a laterally discontinuous thin black peat horizon (typically few-mm-thick). The P-layer 

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

cm). At northern localities, the P-layer is not well preserved and when observed it fades rapidly 
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into the underlying brown paleosol. Lowe et al. (2012) and Lowe (2016) refer to this layer as a 

buried podzol soil with exposed leached E and Bh horizons, occurrin�J�� �R�Q�� �W�K�H�� �������� �&�(�� �7�D�X�S�À��

deposits.  

 

 

Figure 3.5 �± Field photos of the studied pyroclastic succession. (a) Panoramic view of the Kaharoa deposit 
at reference section 2 (Fig. 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. Subdivision of the deposit in units (A1 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 block-rich and ash-supported deposits from m- up 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 Waiaute stream valley) (Fig. 3.4). These deposits 

are interpreted as block-and-ash flows (BAF) occurring during the extrusion of the Kaharoa lava 














































































































































































































































































































































































































