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Abstract  

In the past 350 ky, the Taupo Volcanic Zone (TVZ) has been the most productive silicic 

volcanic region in the world, with 12 silicic large-volume (35-2200 km3 DRE) caldera-

forming eruptions and hundreds of predominantly silicic smaller-volume eruptions. 

These spatially and temporally scattered small-volume events are characterised by 

relatively short-lasting single eruptive episodes that may have been strongly influenced 

by location-specific environmental factors. The aim of this study is to evaluate the 

volcanic hazards associated with the activity of these small-volume volcanoes using 

two different approaches. At the local scale, possible eruption scenarios were defined 

through three example localities (Ohakune, Motuoapa, Puketerata) that are 

characterised by different chemical compositions, eruption styles, as well as distinct 

environmental conditions representative of the entire TVZ. At the field scale, 

evaluation of small-volume activity was focused on the spatio-temporal and volumetric 

distribution of vents and their relationship to the structural elements of the TVZ. The 

most common small-volume eruptions form lava domes that were originally thought to 

be rarely associated with explosive activity. In contrast, this study shows that dome 

emplacement is often accompanied by explosive activity. However, the associated 

pyroclastic deposits are characterised by a low preservation potential. The most likely 

scenario for future eruptions is a rhyolitic eruption with an initial phreatomagmatic 

phase followed by the effusive emplacement of lava with or without associated 

explosive activity. Based on the average eruptive volumes (0.2-0.3 km3) of single TVZ 

events and typical eruption rates of dome-forming activity (2-5 m3/s), future eruptions 

are expected to last for several months to a few years. TVZ-scale spatio-temporal 

analysis of eruptive vents indicates that small-volume volcanism is not entirely limited 

to active calderas. Instead, frequent fissural activity indicates a strong linkage to the 

fault system of the TVZ. The temporal and volumetric pattern of small-volume 

volcanism displays a sudden increase of activity at 45 ka, producing at least 130 km3 of 

volcanic material to date. The random occurrence, great variability of eruption styles, 

small but significant volumes, prolonged duration and relatively high frequency of 

small-volume volcanism pose a significant threat within the entire TVZ, which New 

Zealand will have to face in the near future. 





PREFACE                                                                                                                                          iii 

Acknowledgements  

This thesis is the result of 3.5 years-long research at Massey University, New Zealand 

that I started in April 2014. I am grateful to many people who have worked with or 

assisted me throughout the maze of the PhD to complete this thesis.  

First of all, I am thankful to my chief supervisor, Károly Németh, for our scientific 

discussions as well as guidance and support in the world of research and beyond. I am 

also thankful for the contributions and support of my co-supervisors, Jonathan Procter, 

Georg Zellmer and Shane Cronin. Many thanks to Kate Arentsen for administrative, 

organizational, and proof reading support. I would like to acknowledge my co-authors, 

Gábor Kereszturi, Mark Bebbington, Robert Stewart (Massey University), Nobuo Geshi 

(Geological Survey of Japan), and Jaroslav Lexa (Earth Science Institute, Slovak 

Academy of Sciences) for their support and contributions to manuscripts or 

presentations. I also acknowledge the field assistance of many colleagues and friends, 

such as Braden Walsh, Ermanno Brosch, István Hajdu, Boglarka Németh (Massey 

University) and Takeshi Hasegawa (Ibaraki University, Japan). I acknowledge Anja 

Moebis and the staff of the Manawatu Microscopy and Imaging Centre (Matthew 

Savoian, Niki Minards, and Jordan Taylor) for their priceless technical support. Special 

thanks go to staff, former and present PhD students of Volcanic Risk Solutions for 

discussions in various research and non-research-related topics that make university 

life colourful, Javier Agustin-Flores, Maricar Arpa, Eric Breard, Magret Damaschke, 

Martha Gabriela Gómez‐Vasconcelos (aka Gaby Gómez), Charline Lormand, Gert Lube, 

Stuart Mead, Adam Neather, Andrea Todde, Rafael Torres-Orozco, Manuela Tost, 

Marija Voloschina, and Aliz Zemeny and others already mentioned.  

I would like to express my gratitude to the Institute of Agriculture and Environment, 

Massey University for the financial support. I also acknowledge the support of Massey 

Foundation and Massey University Doctoral Completion Grants for the last months of 

my studentship. Many thanks to the IAVCEI Commission on Collapse Calderas and 

Geological Society of New Zealand for their support helping me attend conferences 

during my study.  



PREFACE                                                                                                                                          iv 

LiDAR data in this thesis was provided by Waikato Regional Council, Hamilton and 

Horizons Regional Council, Palmerston North; the National Institute of Water and 

Atmospheric Research (NIWA) supplied bathymetry maps of New Zealand lakes.  

This is an excellent opportunity to acknowledge the people who helped me to get this 

far. I would like to thank my two mentors, Róbert Győri (Eötvös Loránd University, 

Hungary) and István János Kovács (Geological and Geophysical Institute of Hungary) for 

encouraging me to start a research career at the beginning of my university studies in 

Hungary. A special recognition goes to my former supervisor, Dávid Karátson (Eötvös 

Loránd University, Hungary), who endeared me to volcanology and did the most for my 

research career before coming to New Zealand.  

I wish to thank my parents for their help in achieving my life goals and efforts to make 

me an open minded competent person. 

Last but not least I would like to express the greatest thanks to my family. Without the 

unconditional love and support of my fiancée Zsuzsa it would not have been easy to 

get so far, while our newborn son, Titusz, inspires me to continue this journey and look 

for new challenges. This thesis is dedicated to the two of you! 



 

  



 

 



PREFACE                                                                                                                                         vii 
 

Table of contents 

Abstract ……………………………….………………………………………………..…………….……. 

Acknowledgement …………………………………………………………………………………..……. 

Table of contents ……………………………………….……………..…………………..………..….. 

List of figures       …………………………………………………………………………….…………….….. 

List of tables     …………………………………………………………………………………………..…….. 

Chapter 1 – Introduction ………………………………….……………….……………………….... 

1.1  Small-volume volcanism of silicic caldera systems ………….……………….….. 

1.2  Problem statement …………………………….…………………………………….……….… 

1.3  Aims and objectives ………………………………..…………………………………….…….. 

1.4  Thesis outline and structure ………………………………………………………….……… 

Chapter 2 – Geological setting ……………………………………….……………………….... 

2.1  Structural settings and evolution of the TVZ ………………………………………...... 

2.2  Volcanic architecture of the young TVZ ..……………………………………………….……. 

2.2.1  Northern TVZ …………………………………………………………………………………….…… 

2.2.2  Southern TVZ …………………………………………………………………………………….…… 

2.2.3  Central TVZ …………………………………………………………………………………….…… 

Chapter 3 – Review of silicic monogenetic volcanism and a new classification  

         for domes …................................................................................. 

3.1  Eruptive styles and processes ……………………………………………………..……..….… 

3.2  Volcanic products and landforms relating to silicic explosive volcanism   ……… 

3.3  Lava domes and coulees …………………………………………………………………………..….. 

3.3.1  Factors determining the shape and volcanic hazard of lava domes ………... 

3.3.2  Surface and internal structures of lava domes  ………………….……………. 

3.3.3  Appearance at different volcanotectonic environments and relationship  

           with polygenetic volcanoes …………………………………………………………….…..… 

3.3.4  Existing morphometric classifications of lava domes ……………………………….. 

3.4  New lava dome classification based on macro-morphometry of dome            
surfaces ……………………………………………………………………………………………..…….... 

Chapter 4 – Methodology …………………………………………………………………………..…. 

4.1  Laboratory techniques ………………………………………………………………………………

i 

iii  

vii 

xv 

xxvii 

1 

2 

3 

4 

6 

9 

10 

18 

19 

20 

23 

33 

36 

39 

46 

47 

50 

 

54 

58 

62 

75 

76 



PREFACE                                                                                                                                        viii 
 

4.1.1  Grain size distribution …………………………………………………………………………...… 

4.1.2  Componentry and glass morphometry analyses …………………………….... 

4.1.3  Density measurements  ………………………………………………………………..… 

4.1.4  Vesicularity and rock/clast microtexture analysis ……………………….….….. 

4.1.5  Electron Probe Micro-Analysis (EPMA)  ……………………………………….…. 

4.1.6  X-ray fluorescence spectrometry (XRF)  ……………………………………….…. 

4.2  Digital terrain analysis ………………………………………………………………………….…. 

4.2.1  Introduction ………………………………………………………………………………….…….. 

4.2.2  Sources of digital elevation data used for terrain analysis ………………..…. 

4.2.3  Defining topographic/terrain attributes …………………………………….….… 

Chapter 5 – Eruption mechanisms and evolution of the Ohakune  

                      Volcanic Complex …………......…………………………………….…..….…... 

5.1  Introduction ……………………………………………………………………………………...…. 

5.2  Regional setting  …………………………………………………………………………...… 

5.3  Materials and methods  ……………………………………………………………….... 

5.3.1  Field observations and sampling …………………………………………………..…. 

5.3.2  Sample preparation and analytical techniques ………………………….…... 

5.4  Architecture of Ohakune Volcanic Complex ……………………………………..…… 

5.5  Stratigraphy and sedimentology  …………………………………………….……….. 

5.5.1  Ash beds (Ab)  …………………………………………………………………………………...….. 

5.5.1.1  Description ………………………………………………………………………………….….…. 

5.5.1.2  Emplacement interpretation  ……………………………………………….….…. 

5.5.2  Ash beds with coarse fragments (AbC)  …………………………………….….… 

5.5.2.1  Description  ……………………………………………………………………….….… 

5.5.2.2  Emplacement interpretation  ……………………………………………….…….. 

5.5.3  Bomb beds with ash (BbA) ………………………………………………………….……... 

5.5.3.1  Description  …………………………………………………………………….…….… 

5.5.3.2  Emplacement interpretation  …………………………………………….…….…. 

5.5.4  Spatter-scoria bomb beds (Bb)  ……………………………………………….….…. 

5.5.4.1  Description  ……………………………………………………………………….….… 

5.5.4.2  Emplacement interpretation  ……………………………………………….….…. 

5.6  Density and vesicle microtexture analysis …………………………………….….… 

5.6.1  Interpretation of observed density and vesicle microtextures features    .…..

76 

77 

77 

78 

79 

80 

81 

81 

82 

84 

87 

88 

91 

92 

92 

93 

94 

97 

98 

98 

98 

100 

100 

100 

102 

102 

103 

104 

104 

104 

104 

106 

109 



PREFACE                                                                                                                                          ix 
 

5.7  Petrology, geochemistry and thermobarometry  ………………………….….. 

5.7.1  Evaluation of the results of petrology, geochemistry and  

           thermobarometry ……………………………………………………………………………. 

5.8  Eruptive volume calculations …………………………………………………………….….. 

5.9  Discussion  ……………………………………………………………………………………….. 

5.9.1  Fragmentation and eruptive styles ………………………………………………….…. 

5.9.2  Eruption history  ……………………………………………………………………….…… 

5.9.3  Volcanic hazard assessment  ……………………………………………….……. 

5.10  Conclusion ………………………………………………………………………………….……. 

Chapter 6 – Maar-diatreme volcanism relating to the Te Hukui Basalt …..…. 

Preamble ………………………………………………………………………………………………….. 

6.1  Introduction ………………………………………………………………………………………. 

6.2  Geological background  …………………………………………………………..…… 

6.3  Stratigraphy and sedimentology  ……………………………………………….…... 

6.4  Petrography and geochemistry of the Te Hukui Basalt ………………………..…… 

6.5  Discussion and conclusions ………………………………………………………….….… 

Chapter 7 – Understanding the evolution of the Puketerata  

                      Volcanic Complex …………………….……….……………………..…………. 

7.1  Introduction …………………………………………………………………….…………….….. 

7.2  Geological setting ……………………………………………………………….…….……. 

7.3  Methods  ……………………………………………………………………………….….….. 

7.4  Architecture of the Puketerata Volcanic Complex …………………….…….… 

7.4.1  Maars  …………………………………………………………………………….…….….. 

7.4.2  Ejecta ring ………………………………………………………………………….…….…….. 

7.4.3  Lava domes …………………………………………………………………………….….…….. 

7.5  Stratigraphy and sedimentology  ……………………………………….…….…….. 

7.5.1  General features …………………………………………………………………..………. 

7.5.2  Proximal sequences …………………………………………………………………..………. 

7.5.2.1  Eastern outer slopes of tuff ring ……………………………………………..…….. 

7.5.2.2  Moat successions ……………………………………………………………………...…… 

7.5.2.3  Elevated localities on the eastern rim of the tuff ring and the summit  

              of the larger lava dome ….……………………………………………………...……. 

7.5.3  Medial sequences ……………………………………………………………………………

108 

 

112 

113 

115 

115 

116 

118 

120 

121 

122 

124 

125 

126 

130 

133 

 

137 

138 

140 

143 

144 

144 

144 

148 

150 

150 

151 

152 

152 

 

154 

154 



PREFACE                                                                                                                                           x 
 

7.5.4  Density, vesicularity and volume calculations  …………………….….……. 

7.6  Petrology and thermobarometry  ……………………………………………….……. 

7.6.1  Puketerata rhyolites …………………………………………………………………….……… 

7.6.2  Intensive parameters  …………………………………………………………….….. 

7.7  Discussion  ………………………………………………………………………………….……. 

7.7.1  Eruption conditions and the role of phreatomagmatism ……………....… 

7.7.2  Emplacement of lava domes in relation with associated ejecta rings  ……... 

7.7.3  Evolution of Puketerata Volcanic Complex …………………………………….…… 

7.8  Conclusion ……………………………………………………………………………….………. 

Chapter 8 – Volcanism of Motuoapa Peninsula and its neighbourhood …….... 

8.1  Introduction …………………………………………………………………………………..…… 

8.2  Geological setting ………………………………………………………………………….... 

8.3  Methodology …………………………………………………………………………………….…. 

8.3.1  Field work …………………………………………………………………………………….…. 

8.3.2  Laboratory work ………………………………………………………………………….… 

8.4  Results …………………………………………………………………………………………….…….. 

8.4.1  Geomorphology  …………………………………………………………………….……… 

8.4.1.1  Motuoapa Peninsula  ………………………………………………………..………. 

8.4.1.2  Korohe dome and Echo Cliffs  ……………………………………………..……... 

8.4.2  Stratigraphy and facies architecture of the Motuoapa Peninsula ………. 

8.4.2.1  Stratigraphy  ………………………………………………………………………..….. 

8.4.2.2  Pyroclast characteristics ……………………………………………………………..…. 

8.4.2.3 Lithofacies relating to explosive activity …………………………………….…… 

8.4.2.4  Effusive lithofacies (Motuoapa Peninsula) …………………………………….…… 

8.4.3  Erupted volume calculations ………………………………………………………….…….. 

8.4.4  Petrology and geochemistry ………………………………………………………….…….. 

8.4.4.1  Rhyolites …………………………………………………………………………………….…. 

8.4.4.2  Dacites …………………………………………………………………………………….…. 

8.5  Discussion  …………………………………………………………………………………….…. 

8.5.1  Origin of magmas ……………………………………………………………..…………….. 

8.5.2 Eruption and depositional processes …………………………………………………….. 

8.5.3  Evaluation of paleoenvironmental characteristics and volcanic  

           architecture of the Motuoapa Peninsula and its neighbourhood …….…

156 

158 

158 

160 

163 

163 

165 

169 

172 

173 

174 

175 

176 

176 

177 

178 

178 

178 

179 

180 

180 

182 

183 

187 

189 

191 

193 

196 

198 

198 

199 

 

202 

 



PREFACE                                                                                                                                          xi 
 

8.5.4 Implications for the evolution of the Lake Taupo area in the past 2 ky    …... 

8.5.4  Summary of the geological evolution of the SE margin of Lake Taupo   ……. 

8.5.6 Hazard implications   ……………………………………………………………………….…… 

8.6  Conclusions ……………………………………………………………………………….………. 

Chapter 9 – Spatial, temporal and volumetric distribution of vents of  

                      small-volume eruptions within the TVZ  ……………..……….……… 

9.1  Introduction ………………………………………………………………………………….…….. 

9.2  Spatial and temporal distribution of eruptive vents ……………………………… 

9.2.1  Mafic eruptions within the central TVZ  ……………………………..………….. 

9.2.2  Silicic eruptions within the central TVZ  …………………………..…………….. 

9.2.3  Relationship between vent locations and the structural elements  

           of the TVZ ……………………………………………………………………………………..… 

9.2.4  Temporal distribution of small-volume volcanism and its spatial  

           Implications ………………………………………………………………………………….….… 

9.3  Eruptive volume distribution in space and time  …………………….…….…. 

Chapter 10 – Discussion and conclusions ……………………………….…………….……… 

10.1  Synthesis of the volcanism of the studied localities ………………….…….……. 

10.1.1  Origin, chemical and petrological characteristics of erupted  

             magmas of studied volcanoes  ………………………………………….……….… 

10.1.2  Local environmental settings  ……………………………………………..……… 

10.1.3  Eruption styles, type of deposits and morphology of the  

             volcanic structures …………………………………………………………………….…..….. 

10.1.3.1  Mafic to intermediate eruptions …………………………………………………..…. 

10.1.3.2  Silicic eruptions ………………………………………………………………………..…... 

10.2  Factors that controlled the eruption styles and courses of eruptions …….... 

10.2.1  Physical properties of magma and eruption rates ……………………….…….. 

10.2.2  Local substrate properties and availability of external water ….…… 

10.3  Relationship between small-volume and caldera-forming eruptions  

          within the TVZ …………………………………………………………………………………….….. 

10.3.1  Spatial correlations ……………………………………………………………………….….… 

10.3.2  Temporal correlations  ………………………………………………………………... 

10.3.3  Magma generation and petrological and geochemical aspects …….... 

10.4  Hazard implications ………………………………………………………………………….…

203 

204 

205 

205 

 

207 

207 

210 

213 

214 

 

215 

 

219 

222 

227 

228 

 

229 

231 

 

232 

233 

234 

237 

237 

239 

 

240 

241 

243 

245 

246 



PREFACE                                                                                                                                         xii 
 

10.4.1  Vent architecture and eruptive styles  ………………………………….……… 

10.4.1.1  Possible eruptive styles of magmas with low to intermediate  

                silica content  ………………………………………………………………………..…… 

10.4.1.2  Possible eruptive styles of high-silica magmas ……………………….…….. 

10.4.2  Volume, eruption rates and duration of small-volume eruptions ….….. 

10.4.3  Towards forecasting volcanic hazard  ……………………………….………… 

10.4.3.1  Probability model for eruption location prediction  ………………..… 

10.4.3.2  Susceptibility mapping for hydrovolcanic activity of the central TVZ   …. 

10.5  Conclusions …………………………………………………………………………………….….. 

10.5.1  Main findings in relation to the research objectives  ……………….…. 

10.5.1.1  Volcanic architecture and evolution of the volcanoes of example  

                 localities ………………………………………………………………………………………… 

10.5.1.2  Spatio-temporal and eruptive style pattern of small-volume  

                 volcanism of the central TVZ …………………………………………….…….... 

10.5.1.3  Globally relevant general findings  ……………………………….………… 

10.5.2  Future directions of research  …………………………………………….………. 

10.5.3  Epilogue – personal view …………………………………………………………….….. 

References …………………………………………………….…………………………………………..… 

Appendices ……………………….………………………………………………………………………….. 

Appendix A – Supplementary materials for published papers and papers  

                         in preparation       …………………………………………………..………………….. 

Appendix B – Grain size distribution and envelope density analyses    …………….…. 

Appendix C – Raster and vector datasets used for the evaluation of the spatial,  

                         temporal and volumetric distribution of vents of small-volume  

                         eruptions of the Taupo Volcanic Zone         ………………………………….. 

Appendix D – Statement of contribution …………………………………………………….. 

 

 

 

 

 

247 

 

247 

249 

251 

253 

253 

256 

258 

258 

 

258 

 

260 

260 

261 

262 

264 

302 

 

302 

302 

 

 

303 

304 

 



 

  



 

 



PREFACE                                                                                                                                         xv 
 

List of figures 

Figure 1.1 Locations of the examined case study volcanoes. The boundary (orange dashed lines) 
of the TVZ (sheded area) after Wilson et al. (1995). The inset map indicates the position of the 
area of interest within the central North Island of New Zealand. Main roads are indicated by 
black lines and red polygons represent important townships.      ………………………………………         8 

Figure 2.1 Topographic and tectonic settings of the broader environment of New Zealand 
(Zealandia), with respect to the position of the TVZ. Topographic information was derived from 
250 m resolution gridded bathymetric data, National Institute of Water and Atmospheric 
Research (NIWA) (New Zealand Regional Bathymetry 2016). Tectonic and structural 
information from Mortimer et al. (2017). Au – Auckland Islands; An – Antipodes Islands; Bo – 
Bounty Islands; Ca – Campbell Island; Ch – Chatham Islands; Cu – Curtis Island; Lo – Lord Howe 
Island; Ma – Macauley Island; Mq – Macquaire Island; No – Norfolk Island; Ra – Raoul Island; St 
– Stewart Island.       …….…………………………………………………………………………………………………..      12 

Figure 2.2 Map of the upper North Island of New Zealand indicating the margin and main 
volcanic structures (calderas: Ma – Mangakino; Ka – Kapenga; Wh – Whakamaru; Oh – 
Ohakuri; Ro – Rotorua; Rp – Reporoa; Ok – Okataina; Tp – Taupo; and andesitic composite 
cones: Mta – Maungatautari; Tit – Titiraupenga; Pur – Pureora; Hah – Hauhungaroa; Hau – 
Hauhungatahi; Mau – Maungakatote; Kak – Kakaramea; Pih - Pihanga) of the old and young 
TVZ in relation to the CVZ, Kermadec arc, Havre Trough and other Neogene volcanic fields of 
the North Island; WG – Waitakere Group; AVF – Auckland Volcanic Field; SAVF – South 
Auckland Volcanic Field; NVF – Ngatatura Volcanic Field; KVG – Kiwitahi Volcanic Group; AVG – 
Alexandra Volcanic Group; Kai – Kaimai Volcanic Centre (CVZ). Map modified from Briggs et al. 
(2005) and Rowland et al. (2010), complemented with data from the GNS 1:250000 map series 
(Edbrooke, 2001;  Edbrooke, 2005; Townsend et al., 2008; Leonard et al., 2010; Lee et al., 
2011). Offshore Bay of Plenty structures after Wright (1992), TVZ delineation after Wilson et al. 
(1995).   …………………………………………………………………………………………………………………….…….       14 

Figure 2.3 Schematic SE-NW trending cross-section of the central North Island, with the main 
structural elements of the crust and upper mantle as determined by seismology modified after 
Cole and Spinks (2009).   ……………………………………………………………………………………..………….       15 

Figure 2.4 Topography of the southern TVZ/Tongariro Volcanic Centre as displayed on a shaded 
slope map derived from an 8 m DEM (LINZ - Land Information New Zealand, 2012). The inset 
map shows its geographic position and extent within the TVZ, coordinates are in NZTM2000. 
The vent locations mentioned in the text are labelled: Hau – Hauhungatahi; Mak – Maungaku; 
Mkt – Maungakatote; 1 – Rangataua Craters; 2 – OVC; 3 – inferred source vent of Rangataua 
lava flow; 4 – Saddle Cone and Tama Lakes; 5 – Pukeonake; 6 – Waimarino; 7 – vents in the 
Rotopounamu Graben (from the south: Puketopo, Pukemohono, Lake Rotopounamu and 
Onepoto); 8 – Te Pohanga.    ……………………………………………………………………………………...…….      23 

Figure 2.5 Topography of the Taupo Volcanic Centre as displayed on a shaded slope map 
derived from an 8 m DEM (LINZ – Land Information New Zealand, 2012). The inset map shows 
its geographic position and extent within the TVZ, coordinates are in NZTM2000. The vent 
locations mentioned in the text are labelled: 9 – Motuopuhi Island; 10 – Kuharua; 11 – 
Motuoapa Peninsula; 12 – inferred post-Oruanui vents related to a NNE-SSW trending 
lineament; 13 – Ouaha Hills; 14 – Acacia Bay dome; 15 – Kinloch Basalt; 16 – Lake Rotokawa; 
17 – PVC and Te Hukui Basalt.      ………………………………………………………………………………….….       26



PREFACE                                                                                                                                        xvi 
 

Figure 2.6 Topography of the Whakamaru (Wh) and the Ohakuri (Oh) Volcanic Centres as 
displayed on a shaded slope map derived from an 8 m DEM (LINZ – Land Information New 
Zealand, 2012). The inset map shows its geographic position and extent within the TVZ. The 
vent locations mentioned in the text are labelled: WDC – Western Dome Complex; NWDC – 
Northwestern Dome Complex; MWC – Maroa West Complex; MEC – Maroa East Complex; 16 – 
Lake Rotokawa; 17 – PVC and Te Hukui maars; 18 – Whakaahu Dome Belt; 19 – Pukeahua 
Dome Complex; 20 – Whakamaru Domes and Coulees (part of NWDC). ………………………..      27 

Figure 2.7 Topography of the Kapenga (Ka)-Reporoa (Rp)-Rotorua (Ro)- and Okataina (Ok) 
Volcanic Centres as displayed on a shaded slope map derived from an 8 m DEM (LINZ – Land 
Information New Zealand, 2012). The inset map shows its geographic position and extent 
within the TVZ. The vent locations mentioned in the text are labelled: NWDC – Northwestern 
Dome Complex; MWC – Maroa West Complex; MEC – Maroa East Complex; 21 – Horohoro 
Cliffs; 22 – Maungaongaonga and Maungakakaramea/Rainbow Mountain; 23 – Puhipuhi lava 
dome complex 24 – Earthquake Flat volcano; 25 – Mokoia Island; 26 – Rotokawau-Rotoatua 
fissure vents; 27 – Terrace Road Basalt.      …..……………………………………………………………………     29 

Figure 3.1 Potential relationship of small-volume volcanism (typical erupted volume <1 km3 

DRE) based on their spatial and magma plumbing system relationships to polygenetic central 
vent volcanism.       ……………………………………………………………………………………………………………      36 

Figure 3.2 Surface textural features of lava domes. A – explosion pits on the surface of the 2011 
dome of Volcán de Colima (photo courtesy: J. Farquharson/CIIV, Universidad de Colima), 
Mexico; B – Crease structure on the Little Glass Mountain flow, Medicine Lake volcano, USA; C 
– Crease structure on the Medicine Lake Glass Flow, Medicine Lake volcano, USA; D – 
Ogives/flow ridges of the Little Glass Mountain flow, Medicine Lake volcano, USA. Light-
coloured areas represent finely vesicular pumice (FVP) texture, whereas darker areas comprise 
obsidian and coarsely vesicular pumice (CVP) textures. ………………………………………………….      51 

Figure 3.3 Figure 3.3 Schematic cross section of a rhyolitic obsidian flow based on drill core 
observations from Obsidian Dome in the Inyo dome chain, Long Valley caldera, USA, figure 
modified after Fink and Manley (1987).       …………………………………………….………………………..      53 

Figure 3.4 Potential relationship of small-volume volcanoes (erupted volume <~2-3 km3 DRE) 
based on their spatial and magma plumbing system characters to caldera volcanoes. Examples: 
1 – Kuharua, SW from Lake Taupo; 2 – Western Dome Complex, Whakamaru; 3 – Rangitukua, 
SW shore of Lake Taupo; 4 – Puketerata, central Whakamaru; 5 – Motuoapa Peninsula, SE 
shore of Lake Taupo; 6 cryptodome of Edgecumbe (NE lower flank of the main cone); 7 – 
Showashinzan, Mt Usu, Japan (there is no New Zealand example); 8 – Tauhara; 9 – Saddle 
Cone, Ruapehu.    ………………………………………………………………………………………………………………      56 

Figure 3.5 Classification of lava domes by dome height (H) versus radius (R) ratio (Blake, 1990). 
H/R calculations of Peléan domes were based on nine historically erupted domes of composite 
volcanoes/lava dome complexes, whereas low lava dome values were achieved from 16 domes 
of La Primavera (Mexico), eight domes of the Coso Volcanic Field (USA) and five unidentifiable 
domes of the Maroa Volcanic Centre (New Zealand). *For low lava domes the average H/R 
value was recalculated from the graphics of Fig. 13. of Blake’s paper (1990), as it was 
expressed differently than for the values of the Peléan domes, figure modified after Blake 
(1990).        ………………………………………………………………………………………………………………………...     57



PREFACE                                                                                                                                      xvii 
 

Figure 3.6 The classification of lava domes by morphology and surface textures of lava domes 
corresponds to the decrease of ΨB from spiny to axisymmetric domes  (Fink and Griffiths, 
1998).      ………………………………………………………………….………………………………………………………..     59 

Figure 3.7 Examples for rockfall-dominated spiny domes with characteristic conical shape 
summits. A – Ceboruco 1870, Mexico (photo courtesy: J. Méndez Harper); B – Mt. Redoubt 
1990, Alaska (photo courtesy: Alaska Volcano Observatory); C – Mt. St. Helens 2005, USA 
(photo courtesy: Cascade Volcano Observatory); D – Sinabung 2016, Indonesia (photo courtesy: 
Z. Ginting); E – Devil Hill domes ~2 ka, South Sister, USA; F – Kelut 2007, Indonesia (photo 
courtesy: Smithsonian Institution); G – Bezymianny 1956, Russia (photo courtesy: G.S. 
Gorshkov); H – Paluweh 2012, Indonesia (photo courtesy: R. Roscoe/Stocktrek Images); I – 
Soufriere Hills 2010, Montserrat (photo courtesy: photovolcanica.com).    ………………………..      64 

Figure 3.8 Flat-topped spiny domes with characteristic flat tops that change without transition 
to the steep-sided slopes. A – Volcan de Colima 2010, Mexico (photo courtesy: CIIV, Universidad 
de Colima); B – Soufriere ~3 ka, Gaudeloupe (photo courtesy: Smithsonian Institution); C – Mt. 
Pelee 1902, Martinique (photo courtesy: Smithsonian Institution); D – Augustine 1986, Alaska 
(photo courtesy: Alaska Volcano Observatory); E – Novarupta 1912, Alaska (photo courtesy: 
Alaska Volcano Observatory); F – Tarumai 1909, Japan (photo courtesy: panoramio.com); G – 
Puy de Dome ~10 ka, Auvergne, France (photo courtesy: gettyimages); H – Um Raqubah, Saudi 
Arabia (photo courtesy: K. Németh); I – Wahanga ~1314, Okataina, New Zealand (photo 
courtesy: teara.govt.nz).       ………………………………………….…………………………………………………..     66 

Figure 3.9 Lobate domes with characteristic zigzag-shaped outlines in the early phases. A – 
Awu 1931, Indonesia (photo courtesy: Smithsonian Institution); B – Soufriere 1972, St. Vincent 
(photo courtesy: The University of West Indies, Seismic Research Unit); C – Augustine 2011, 
Alaska (photo courtesy: Alaska Volcano Observatory); D – Puketerata ~16 ka, New Zealand; E – 
Mt. St. Helens 1986, USA (photo courtesy: Cascade Volcano Observatory); F – Soufriere 1971, 
St. Vincent (photo courtesy: Smithsonian Institution).       …….…………………………………………..      67 

Figure 3.10 Platy domes with characteristic convex summit and increasing slope gradient 
moving away from the vent. A – Sinabung 2014, Indonesia (photo courtesy: M. Szlegat); B – 
Galunggung 1918, Indonesia (photo courtesy: Smithsonian Institution); C – Taranaki ~1785, 
New Zealand (photo courtesy: Platz et al., 2012); D – Merapi 2012, Indonesia (photo courtesy: 
AP Images); E – Mt. Redoubt 2009, Alaska (photo courtesy: Alaska Volcano Observatory); F – 
Soufriere 1979, St. Vincent (photo courtesy: D. Pyle); G – Mt. St. Helens 1980, USA (photo 
courtesy: Smithsonian Institution); H – Awu 2004, Indonesia (photo courtesy: flickr.com); I – El 
Ombligo, Nevado de Toluca ~1350, Mexico (photo courtesy: hiveminer.com); J – Pukekaikiore, 
Taupo, New Zealand. …………………………………………………………………………………………………….     68 

Figure 3.11 Axisymmetric domes with characteristic low aspect ratio and flat tops aside from 
crease structures, pressure ridges and diapirs. A – Kei Besi/Makian 1988, Indonesia (photo 
courtesy: W. Piecha); B – Chillahuita ~400 ka Chile (photo courtesy: volcano.oregonstate.edu); 
C – Te Horoa ~5 ka, Okataina, New Zealand (Google Earth image); D – Rangitukua (lower part) 
~130 ka, New Zealand; E – Little Glass Mountain, Medicine Lake volcano ~1ka, USA; F – Big 
Obsidian Flow, Newberry volcano ~1 ka, USA. ……………………………………………………………….     69 

Figure 3.12 Examples of coulees. A – Cerro Chao ~400 ka, Chile (photo courtesy: 
volcano.oregonstate.edu); B – Big Obsidian Flow, Newberry volcano ~1 ka, USA (photo 
courtesy: R. A. Jensen); C – Mt. Elden, San Francisco Volcanic Field, USA (photo courtesy: 
mountainproject.com); D – Satellite image of Cerro Chao, Chile (Google Earth image); E – 1 m 



PREFACE                                                                                                                                      xviii 
 

resolution LiDAR DEM of Big Obsidian Flow, Newberry volcano, USA; F – 1 m resolution LiDAR 
DEM of Newberry Flow, South Sister, USA.       ……………………..……………………………………………     70 

Figure 3.13 Examples of lava dome complexes. A – Black Butte, ~10 ka, Mt. Shasta, USA; B – 
Ciomadul/Csomád ~28 ka, Romania (photo courtesy: D. Karátson); C – Chaitén 2010, Chile 
(photo courtesy: D. Schneider); D – Santiaguito 2012, Guatemala (photo courtesy: 
photovolcanica.com); E – Tauhara, ~190 ka, New Zealand (photo courtesy: 
greatlaketaupo.com); F – Tarawera Volcanic Complex, 1886, New Zealand, G – 
Edgecumbe/Putauaki ~2.5 ka, New Zealand (photo courtesy: wikipedia.org).     ……….……..      71 

Figure 3.14  Comparison of shape of  lava dome  complexes with other  conical-shaped  
volcanic structures (lava dome and composite volcanoes)  with examples from New Zealand.  
Cross-sections were derived from an 8 m NZ DEM (LINZ - Land Information New Zealand,  
2012).       …………………………………………………………………………………………………………………………       73 

Figure 4.1 Comparison of methods in the recognition of vesicles using 2D imagery. 
Experimental results are indicated. A – ImageJ-based measurement considers all the area of 
the image, however the incomplete vesicle shapes have to be excluded from the result of shape 
analyses; B – This hypothetic method includes all the vesicle area in total, but the incomplete 
vesicles have been excluded from the area of the vesicles; C – FOAMS-based measurements 
exclude all the incomplete vesicles, thus the measured total vesicularity of the sample will be 
lower than the actual vesicularity.      ………………………………………………………………………………..     79 

Figure 4.2 The most common types of elevation data networks (Moore et al., 1991). A – Raster-
based grid; B – Vector-based TIN; C – Vector-based contours (polylines).    ………….…………..      82 

Figure 5.1 Topography of the southern, dominantly andesitic part of the TVZ as shown on 
shaded slope map derived from a 8 m DEM (LINZ - Land Information New Zealand, 2012). Inset 
map shows its geographic position within New Zealand.   ………………………………………………..     92 

Figure 5.2 Aerial photograph of OVC with its proposed architecture. The main edifices are 
labelled; West ejecta ring (WER), East ejecta ring (EER), Central scoria cone (CSC), South scoria 
cone (SSC), North scoria cone (NSC). ……………………………………………………………………………     95 

Figure 5.3 Morphological features of OVC. A: View from the rim of WER to its crater floor. On 
the right edge the foot of the CSC partly fill in the crater. B: The quarried section of the 
coalesced EER and the rim of CSC. C: View from the highest part of the CSC to its crater floor 
(grassland) and its quarried interior of alternating welded and unwelded Strombolian (or 
Hawaiian) units. The railway line is also cut through the scoria cone and EER on the left and 
WER on the right.       ………………………………………….……………………………………………………………..     96 

Figure 5.4 Stratigraphic sequence of the proximal part of EER at the northwest corner of the 
quarry. This is one of the locations exhibits the opening of a new vent. Note the oxidation 
pattern of right hand side of the fault. ……………………………………………………………………………     99 

Figure 5.5 SEM images of juvenile ash fragments characterised by high to low vesicularities  (A–
E) and a typical aggregate (F).  Type a with spherical vesicles is extremely rare at OVC would 
represent Strombolian fragmentation  (Heiken and Wohletz, 1985),  type b with microlites is 
the most vesicular of the common fragments and might related to eruptions with minor 
influence by water/magma interaction, while c–e types might have more phreatomagmatic 
origin.  By comparison, a block was smashed by hammer and the bits were similar to type-c 
fragments.     ……………………………………………..…………………………………………………………………….    101



PREFACE                                                                                                                                        xix 
 

Figure 5.6 a – Cumulative grain size distribution of distinct units from the proximal sequence of 
EER. Bb unit distributions are only represent estimations based on field observations. b – 
Density variations of bomb/block and lapilli (−3 phi) sized juvenile fragments from EER proximal 
sequence.     …………………..……………………………………………………………………………………………..…    105 

Figure 5.7 SEM images of bombs/blocks (A–D, G, H) from OVC and SEM images of scoria 
fragments from Mt. Roskill (E) and Rangitoto (F), Auckland Volcanic Field (AVF) for comparison. 
The two samples from AVF exhibit a Hawaiian and Strombolian (or Violent Strombolian)-style 
eruptions (Kereszturi, unpublished data) as the vesicles show mostly spherical or subspherical 
shapes (Lautze and Houghton, 2007; Moitra et al., 2013).  The textures of samples from OVC 
are completely different from textures forming during these mild types of eruptions, however 
similar to basaltic Plinian eruptions of Etna 122 BCE and Tarawera 1886  (Moitra et al., 
2013).…………………………………………………………………………………………………….…………………….….    105 

Figure 5.8 A – Vesicle size distributions (VSD) are ln(n) as a function of L plots,with ln(n) the log 
of the vesicle number densities per size class, and L is the equivalent diameter in mm. The left 
part of the segment mostly reflects multiple stages of bubble nucleation and growth. The lower 
part of the VSD slopes often exhibit coalescence (e.g. J4, T3) which may have occurred at 
multiple stages. B – Cumulative vesicle size distributions (CVSD) are log(NV > L) as a function of 
log(L) plots, where NV is the total vesicle number density. Vesicle density measurements were 
used based on the objects per cubic mm greater than L. CVSD trends also suggest multiple 
stage of nucleation and growth with coalescence and bubble collapse events in most of the 
cases (e.g. A1, D3, J4, T3, X2) (Shea et al., 2010).    ……………………………………………………….….    107 

Figure 5.9 Range of OVC bubble number density (NV) values measured on blocks and bombs 
from Bb and BbA type units in comparison with selected eruptions exhibiting different eruption 
styles; (A) Stovall et al. (2011);(B) Lautze and Houghton (2007); (C) Mattsson (2010); (D) 
Murtagh et al. (2011); (E) Sable et al. (2006). …………………………………………………………….    108 

Figure 5.10 SEM images of phenocrysts (antecrysts) from Bb and BbA type units showing the 
hyalopilitic textures and growth relationship between olivine, orthopyroxene and 
clinopyroxene. Element mapping was executed by EDAX.     ……………………………………………..    109 

Figure 5.11 Harker diagrams for selected major element oxides normalised to water-free 
compositions. Red circles represent ash fragments, blue squares represent groundmass glass 
compositions of blocks and bombs.      ……………………………………………………………….……………..    110 

Figure 5.12 AFM diagram shows glass compositions measured on ash fragments (red circles) 
and groundmass glass of blocks and bombs (blue squares) in comparison with whole rock 
compositions of Ruapehu volcano (grey field) (Price et al., 2012, e-appendix 10).     …….…..    111 

Figure 5.13 Compositional variations of SiO2, K2O and MgO of ash (yellow fields) and blocks and 
bombs through the sequence.        ………………………………………………………….…………………………    112 

Figure 5.14 Delineation of distinct edifices of OVC. The obtained area and thickness values were 
applied for bulk volume calculations. Pie charts represent the DRE correction scheme applied 
for volume estimation from the different parts of the volcanic complex (Kereszturi et al., 2013). 
As the first step of the DRE corrections, the bigger pie charts imply the proportion of juvenile, 
non-juvenile and interparticle void space. Secondly, the smaller pie charts show the remaining 
juvenile content was corrected with the available vesicularities.        …………………….………….    114 

Figure 5.15 Cartoon showing the evolution of facies architecture and eruptive mechanism 
during the OVC formation (see text for explanation). ………………………………………..……….    118



PREFACE                                                                                                                                         xx 
 

Figure 6.P.1 A – Locations and exposures of the Te Hukui sequence (yellow lines). See Fig. 6.1 
for the location in its broader environment. Orange arrow indicates the viewpoint of B. B – 
Overview of the type locality of the Te Hukui sequence on the left bank of Te Hukui stream. C – 
Roadcut exposure of the Te Hukui sequence on the right bank of the Te Hukui stream (full size 
panoramic image along with further supporing pictures are in Appendix A.6.1).    …………..    123 

Figure 6.1 Spatial distribution of the basaltic vents within the Whakamaru-Taupo area as 
displayed on a shaded slope map derived from an 8 m DEM (LINZ - Land Information New 
Zealand, 2012). Shaded areas represent the edifices of silicic lava domes. Basaltic vents: 1 – Te 
Hukui, 2 – Tatua, 3 – Kakuki, 4 – Akatarewa Stream, 5 – Mangamingi Road, 6 – Ongaroto, 7 – 
Trig 8543/Matapan, 8 – Acacia Bay, 9 – Pekanui, 10 – Kaiapo, 11 – K-Trig, 12 – Punatekahi, 13 
– Kinloch, 14 – Otaketake Stream, 15 – Marotiri, 16 – Poihipi/Ben Lomond. Caldera margins 
with black dashed line after Houghton et al. (1995a). Inset maps: (a) shows the geographic 
position of TVZ; (b) red triangles indicate the location of Te Hukui basalt exposures in relation 
with the architecture of the Puketerata Volcanic Complex (shaded structures are lava domes of 
Puketerata, yellow and white dashed lines show the rim of ejecta ring and maar craters, red 
dashed line represents the Orakeikorako Fault) (Kósik et al., 2016a).     ………………….………..    126 

Figure 6.2 Lower (a)  and upper (b)  section of Te Hukui Basalt at the E side of the Te Hukui 
Stream;  (c) indicates unit A and its contact with the basement Orakonui ignimbrite;  (d. 
massive polymict breccia of unit B; (b) and (e) show the topmost part of the sequence with 
variously inclined units of moderately to well-sorted coarse ash and poorly-sorted fine ash 
layers (unit F).      ………………………………………………………………………………………………………………    128 

Figure 6.3 Stratigraphic log of the eastern outcrop of Te Hukui sequence (a) with images of 
accidental lithic fragments of unit B (scales represent 1 cm), and characteristic sections from 
the western outcrop (b-d); (b) shows a ~50 cm ignimbrite block from unit B, (d) indicates the 
uppermost part of western outcrop comprising of reworked deposits accumulated near the 
bottom of the Te Hukui crater, intersected by a listric normal fault.      ………………….…………    129 

Figure 6.4 Grain morphology and petrographic characteristics of the Te Hukui Basalt; (a) 
slightly cemented lapilli tuff of unit C; (b) grain morphology of -2.5 - -3.5 phi size scoriaceous 
juvenile fragments from unit F; (c) grain morphology of bulk 2 phi fragments from unit F, (SEM 
image); (d) typical morphology of 3 phi size basaltic juvenile and accidental rhyolitic fragments, 
(SEM image); (e) vesicle textures of lithic clast with two types of vesicularity; (f) crystal nodule 
with plagioclase (pl) and olivine (ol) crystals; (g-h) groundmass textures, vesicle shapes with 
predominantly lath shaped plagioclase crystals, cross polarised light; (i) SEM image of 
clinopyroxene (cpx) and plagioclase crystal with resorbed Na-rich core; (j) SEM image of 
plagioclase crystal with Na-rich spongy cellular core; (k-l) Na and Ca element map of zoned 
plagioclase crystal captured by field emission SEM (Hokkaido University).    ……………………..    131 

Figure 6.5 TAS classification of Te Hukui basalt (L.A. lithic A; L.B. lithic B; S.1. – scoria; S.2. – 
scoria) and other basalts of the Taupo-Whakamaru area (Ben. – Ben Lomond; Kak. – Kakuki; 
Kin. – Kinloch; K-Tr. – K-Trig; Ong. – Ongaroto; Tat. – Tatua) (Brown et al., 1994; Hiess et al., 
2007; Matheson, 2010).     ………………………………………………………………………………………………..    133 

Figure 6.6 Possible topographic relationships between the craters of the Te Hukui Basalt and 
Puketerata subject to the exposure of the Te Hukui sequence, not to scale; (a) Te Hukui 
sequence represents intra-crater deposits; (b) exposed Te Hukui sequence represents the 
remnant of ejecta ring. In both cases, the Te Hukui outcrops were exposed by the latter 
Puketerata activity. ………………………………………………………………………………..………………….    134



PREFACE                                                                                                                                        xxi 
 

Figure 6.7 Conceptual model for possible rock types of erupting magma due to the interaction 
between variable sized basaltic magma intrusions (BI) and rhyolitic melt lenses (ML) in case of 
a melt-dominated or crystal mush-dominated silicic magma reservoir. Basaltic eruptions are 
expected only in case of minor interaction with melt lenses (E), while other cases basaltic 
magma may trigger rhyolitic eruption (A and B) or mixing with rhyolitic magma without 
eruption (C and D).  Magma reservoir model modified after Cashman and Giordano 
(2014)......... …………………………………………………………………………….………………………..……………..    136 

Figure 7.1 Regional map showing the geographic location of the Taupo Volcanic Zone (TVZ) 
and the site of study (PVC) within the North Island and its relative position to the subduction of 
the Pacific Plate beneath the Australian Plate (inset map). The border (bold red dashed lines) 
between the Old TVZ and the Young TVZ and the present-day compositional divisions (red 
dotted lines) between the more andesitic Southern and Northern TVZ and the rhyolitic Central 
TVZ are from Wilson et al. (1995). Outlines of rhyolitic calderas (black dashed lines) located 
within the Young TVZ are from Houghton et al.(1995b) Ka – Kapenga; Ro – Rotorua; Rp - 
Reporoa; Tp – Taupo; Wh – Whakamaru; Ok – Okataina; Oh – Ohakuri. Vent locations of 
domes, dome complexes and coulees were mapped from 8 m NZ DEM (LINZ - Land Information 
New Zealand, 2012) using geological maps of Rotorua area (Leonard et al., 2010) and Okataina 
Volcanic Centre (Nairn, 2002).  ……………………………………………………………..……………………….    142 

Figure 7.2 Location of the PVC (red dashed square) within the Maroa Volcanic Complex with 
the nearby lava domes (shaded areas), calderas (dashed lines) and mentioned lava 
domes/flows; 1 Ngangiho, 2 Hipaua, 3 Ben Lomond (inset map) and architecture of the PVC 
with the active faults (Langridge et al., 2016) and the important exposures of the Puketerata 
sequence Coordinates are given in New Zealand Transverse Mercator 2000 (NZTM2000) 
projection. Letters A and B indicate the viewpoints for Fig. 7.3.      ………………………...…………    145 

Figure 7.3 Panoramic views of the structures of the Puketerata Volcanic Complex. A: The larger 
dome and the surrounding ejecta ring from the top of the fault carp of the Orakeikorako Fault. 
B: View from the summit of the smaller dome to chain of the maar craters (locations of 
viewpoints are shown at Fig. 7.2).       ………………………………………………………………….…………..    146 

Figure 7.4 Cross sections from the prominent parts of the volcanic complex used 2x vertical 
exaggeration. The paths of the cross sections are shown at Fig.7.2.      …………………….………    147 

Figure 7.5 Slope map of the dome and surrounded ejecta ring using a 5 m resolution shaded 
relief DEM layer as a background indicates the main morphologic features of the volcanic 
edifice.      ………………………………………………………………………………..……………………………………….    149 

Figure 7.6 Key outcrops at proximal locations. Green dashed lines indicate internal 
disconformities, yellow dashed lines indicate the boundary between Puketerata and the 
subsequent Taupo Pumice deposits. Fall beds (F) are delimited by red dashed lines. BS: bomb 
sags. For accurate geographic positions of the outcrops see Fig. 7.2.     ………………….………..    153 

Figure 7.7 Main outcrops at the road cut of State Highway 1. Major fall beds (F1 to F8) are 
delimited by red dashed line, block-and-ash flow units (BAF) delimited by black dashed line 
within yellow background. BS: bomb sags. Yellow dashed lines indicate the boundary between 
the basement, Puketerata and the subsequent Taupo Pumice deposits. Blue dashed and dotted 
lines indicate faults and related displacements (5-15). For precise locations of the outcrops see 
Fig.7.2.      ……………………………………………………….………………………………………………………………..    155



PREFACE                                                                                                                                       xxii 
 

Figure 7.8 Detailed stratigraphic log of the medial deposits of PVC. The lower 2 m (red) 
observed at locality 5-15, (Figs. 7.2 and 7.7) while the upper part (blue) incorporates the upper 
sequence from locality 2-09 (Figs. 7.2 and 7.7). The most dominant lithofacies is indicated for 
each unit using abbreviations of lithofacies. …………………………………………………….……….    156 

Figure 7.9 Density distribution of essential clast from selected major fallout beds. (F2, F4, F6 
represents single fall beds sampled from 2-09 (Fig. 7.7), the other two layers marked by 
asterisks at 4-21 and 3-26 (Fig. 7.6). …………………………………………..………………………………    157 

Figure 7.10 Photomicrographs and BSE images of Puketerata rhyolite. A: Most frequent 
phenocrysts; plagioclase (pl), biotite (bt) quartz (qz) in glassy fractured groundmass (sample 3-
02), B: network of fractures in dense glass (sample 3-02), C: variability of textures of 
vesicularity (sample 3-03) , D: BSE image of C showing fracturing of glass among vesicles 
(sample 3-03), E: Deformed flow banding, dark bands are rich in microlites (sample 3-21), F: 
detail from E showing two types (t1 and t2) of vesicularity in fluidal glassy groundmass (sample 
3-21).     …………………………………………….………………………………………………………………….……….    161 

Figure 7.11 Example for ejecta ring (tuff ring) - lava dome complexes with different evolution. 
Rims of ejecta rings are marked by white dashed lines, dome margins are marked by yellow 
dashed lines. Source of data: Kaleni (Druitt et al., 1995); Panum Crater (Sieh and Bursik, 1986; 
Kelleher and Cameron, 1990); Cerro Pinto (Zimmer et al., 2010).(*Possible dome volume of 
Cerro Pinto derived from the volume of BAF deposits).   ……………………………………………….    168 

Figure 7.12 NE-SW trending profiles along the eruptive vents are showing the evolution of the 
PVC and pre-eruptive volcanic structures (A) at the vicinity of Puketerata (not to scale). Initial 
phase (B) was characterised by deep to shallow-seated phreatomagmatic activity along the 
fissure vents.  Main stage (C) was dominated by extrusive emplacement of lava domes with 
associated shallow-seated phreatomagmatic activity and destruction of the larger dome. 
Excavation of the dome margins created a moat between the dome and the ejecta ring.  The 
late stage of activity was characterised by dome growth with minor explosive activity 
(D).……….................................................................................................................................    171 

Figure 8.1 Geological settings of the Motuoapa Peninsula and its neighbourhood based on a 
geological map of the Rotorua area (Leonard et al., 2010). The background slope map was 
derived from an 8 m NZ DEM (LINZ - Land Information New Zealand, 2012) with the coordinate 
system of New Zealand Transverse Mercator (NZTM2000). See Fig. 2 for the slope map key. The 
regional map (inset map A) shows the geographic position of Lake Taupo and the TVZ within 
the North Island and its relative position to the subduction zone. Inset map B indicates the 
location of the study area relative to Lake Taupo, with the highest localities of lacustrine 
sediments at Kaiapo (x) and Rangitukua (y).      ………………………………………………………….    176 

Figure 8.2 Geomorphology of the Motuoapa Peninsula as indicated by a slope map with a 
shaded relief DEM layer as a background. Cross section displays the lake terraces formed after 
the Lake Taupo post-1.8 ka high stand. Data source was a 1 m resolution LiDAR DEM (Waikato 
Regional Council and NZ Aerial Mapping Ltd., 2006). Inset map (a) shows the morphology of 
Korohe dome and lake terraces (north of Korohe).        .……..……………………………..………………    179 

Figure 8.3 Aerial image of the Motuoapa Peninsula with the sampling locations, main 
geological units and inferred faults (Waikato Regional Aerial Photography Service - WRAPS, 
2012): a. pyroclastic sequence relating to the eruption of rhyolite magma; b. brecciated or 
coherent rhyolitic lava; and c. coherent dacitic lava.   ………………………………………..……..    181



PREFACE                                                                                                                                      xxiii 
 

Figure 8.4 SEM images of variably vesicular ash particles (A-C) with quenching cracks (C, yellow 
arrow) and a mosaic of microscopic images of well-cemented lapilli tuff with fragments, with 
highly vesicular cores and non-vesicular chilled rinds (D, red arrows).      ………………….    182 

Figure 8.5 Representative pyroclastic sequences of the Motuoapa Penisula. A – Chaotic 
arrangement of breccia and stratified lapilli tuff (loc. P3, Fig. 8.3); B – Stratified lapilli tuff 
alternating with matrix-supported diffusively-stratified tuff breccia; C – Non-graded, clast-
supported diffusively-stratified tuff breccia; D – Reversely-graded, poorly-sorted, clast-
supported tuff breccia (loc. 2-02, Fig. 8.3); E – Normal-graded, poorly-sorted, clast-supported 
breccia enclosed by non-graded, matrix-supported lapilli tuff (loc. 2-02, Fig. 8.3); F – Matrix-
supported diffusively-stratified tuff breccia (loc. P6, Fig. 8.3); G – ~100 m thick alternating 
sequence of cross-stratified tuff and matrix to clast-supported lapilli tuff (loc. P5, Fig. 8.3); H – 
Poorly-sorted, diffusively-stratified lapilli tuff from locality 2-05 (Fig. 8.3) with grain size 
distribution indicated (MD mean diameter; σ=sorting, Folk and Ward, 1957); I-J – Cross-
stratified tuff and matrix to clast-supported lapilli tuff (loc. 3-09, Fig. 8.3); K-L – Cross-stratified 
tuff and matrix to clast-supported lapilli tuff (loc. P5, Fig. 8.3).       …………………………….    186-187 

Figure 8.6 Representative outcrops of effusively emplaced lithofacies of Motuoapa Peninsula. A 
– Columnar-jointed coherent rhyolite lava (loc. P4, Fig. 8.3); B – Flow-banded, flow-foliated 
coherent rhyolite lava (loc. P2, Fig. 8.3); C-F – Lava breccia with different degrees of 
fragmentation (loc. P1, Fig. 8.3).       ………………………………………………………………………………...    189 

Figure 8.7 TAS classification of XRF bulk-rock and EPMA matrix glass chemical results of the 
extrusive rocks located around the Motuoapa Peninsula. Matrix glass compositions of dacite 
are at least as evolved as the rhyolite. The outlier bulk-rock low alkali content of rhyolite 
(sample 3-01) is interpreted by sodium loss during hydration (e.g. Fig. 8.8C).      ………………    193 

Figure 8.8 Characteristic macroscopic and microscopic textures of the two rock types of 
Motuoapa Peninsula. A – Hydrated and fractured glassy rhyolite from locality 3-01 (Fig. 8.3); B 
– Less hydrated rhyolite lava variety from the pyroclastic sequence located at 2-05 (Fig. 8.3); C 
– Perlitic texture of rhyolite lava from locality 3-01 (Fig. 8.3); D – Spherulitic rhyolite from 
locality 2-06 (Fig. 8.3) with black-coloured spherulites (sp), plagioclases (pl) and a crystal of 
fayalitic olivine (ol); E – Macroscopic appearance of relatively fresh dacite from locality 3-05 
(Fig. 8.3); F – Photomicrograph of dacite with plagioclase (pl), amphibole (am) and pyroxene 
(px) phenocrysts from locality 2-04 (Fig. 8.3).     ………………………………………………………….……    194 

Figure 8.9 Plagioclase and pyroxene compositions of the two rock types of the Motuoapa 
Peninsula. Classification is after Morimoto (1988). Pink squares represent groundmass 
plagioclase/pyroxene of rhyolite; green triangles represent plagioclase/pyroxene of 
dacite.………… …………………………………………………………………………………………………………………...    195 

Figure 8.10 Amphibole classifications of Motuoapa rocks based on Leake et al. (1997). The 
amphiboles of rhyolites and dacites are well separated by their different characteristic 
magnesium numbers and the combined Na and K contents at the cation position A. 
Calculations were performed using a programmed excel sheet of Locock (2014). Pink squares 
represent amphiboles of rhyolite; green triangles represent amphiboles of dacite.     ……….    196 

Figure 8.11 Harker diagrams for selected major element oxides normalised to water-free 
compositions. Pink squares represent groundmass glass of rhyolite; green triangles represent 
groundmass glass of dacite.      ………….………………………………………………………………………..……    197



PREFACE                                                                                                                                      xxiv 
 

Figure 8.12 Stratigraphy of pyroclastic sequences and structure of the Motuoapa Peninsula 
indicated on a 1 m LiDAR DEM. The cliff’s height near the vent is about 100 m.      ...………..    201 

Figure 9.1 Vent locations of the eruptions of the young TVZ that produced up to 7.5 km3 DRE 
volcanic material (Appendix A.9.1). Chemical compositions of the erupted magmas associated 
with distinct vents are indicated (Nairn, 2002; Leonard et al., 2010). Dashed lines indicate the 
caldera margins proposed by Wilson et al. (1995). Base map topography was derived from the 
contour lines of the New Zealand Topo50 map series and the lake bathymetries of the Rotoaira, 
Taupo, Rotomahana, Tarawera, Okataina, Rotorua, Rotoiti and Rotoma lakes.      ……….….    211 

Figure 9.2 Locations of hydrothermal/phreatic eruption craters that have not been associated 
directly to the activity of polygenetic volcanoes, such as Ruapehu, Tongariro and White Island; 
1 – Kairua Park and Te Puia, Rotorua; 2 – Tikitere – Hellsgate Geothermal Park; 3 – Kawerau 
Geothermal Field; 4 – Rerewhakaaitu fissures; 5 Waimangu-Waiotapu; 6 – Orakeikorako; 7 – 
Rotokawa; 8 – Craters of the Moon. Geothermal fields are after Rowland and Sibson (2004), 
calderas margins (black dashed lines) are after Wilson et al. (1995).        ………….………………    212 

Figure 9.3 Example for the varied awareness of fault locations between relatively old surfaces 
(area of Kapenga) and areas covered by young volcanic deposits (Okataina) or lakes (Lake 
Rotorua) based on GNS Active Fault Database. 1 – Okareka embayment; 2 – Puhipuhi basin; 3 – 
Rotoma caldera. Traces of fault from the 1:250000 active faults database of New Zealand 
(Langridge et al., 2016), caldera margins are after Wilson et al. (1995). Coordinates are given in 
NZTM2000 projection.        ………………………………………………………………………………………………..    215 

Figure 9.4 Spatial relationships (distance and azimuth) between vents and the nearest 
structural/volcanic features of the TVZ. A – Vents versus faults; B – Vents versus caldera 
margins; C – Vents versus vents.     …………………………………………………………..……………………….    216 

Figure 9.5 Temporal characterisation of the small-volume volcanism of the TVZ. A – Number of 
vents within a 25 ky intervals. B – Age as a function of distance from the southernmost silicic 
event (Motuopuhi Island, Lake Rotoaira) to NE along the extensional axis of the TVZ. The NE 
and SW limits of calderas were indicated by the same way as vent locations.       …………….    220 

Figure 9.6 Spatial distribution of post-Rotoiti basaltic and silicic vents of the central, 
predominantly silicic part of TVZ. Caldera margins (dashed lines) are indicated after Wilson et 
al. (1995).      …………………………………………………………………………………………………….……….……..    222 

Figure 9.7 Spatial distribution of silicic lava domes and coulees (light red shaded areas) and 
erupted volumes in DRE of effusive and explosive eruptions of TVZ within the past 350 ky. 
Dashed lines indicate the caldera margins proposed by Wilson et al. (1995). Inset Figure (A) 
indicates the volume size distribution of distinct volcanic events in the past 350 ky.      …….    223 

Figure 9.8 DRE volumes as a function of distance from the southernmost silicic event 
(Motuopuhi Island, Lake Rotoaira) to NE along the extensional axis of TVZ. A indicates erupted 
volumes under 10 km3, B is zooming to events under 1 km3 erupted volumes.       …………..    224 

Figure 9.9 Cumulative DRE volumes as a function of time for the central TVZ’s 337 small-
volume eruptions within the past 350 ka. For comparison, the caldera-forming eruptions’ 
temporal distribution and erupted DRE volumes are indicated after Wilson et al. (2009), Danišík 
et al. (2012) and Gravley et al. (2016);. Wh – Whakamaru, Pa – Paeroa Subgroup, Mat – 
Matahina, Ch – Chimpanzee, Po – Pokai, Mam – Mamaku Plateau, Oh – Ohakuri, Ka – 
Kaingaroa, Mo – Mokai, Ro – Rotoiti, Or – Oruanui, Tp – Taupo.       .….…………………….……..    225



PREFACE                                                                                                                                       xxv 
 

Figure 10.1 First approach eruption prediction map for small-volume eruptions of the central 
TVZ prepared by a combined overlay of the 10 km kernel density map of post-Whakamaru 
eruptions (Inset A) and structural alignments (faults and calderas) of the TVZ from Langridge et 
al. (2016) and Wilson et al., (1995). Post-Rotoiti eruptions are indicated by white triangles, 
letters in yellow square indicate the location of major townships (T: Taupo and R: 
Rotorua).…………         …………………………………………………………………………………………….………....    255 

Figure 10.2 Preliminary susceptibility map for hydrovolcanic eruptions within the central TVZ 
prepared by a combined overlay of spatially-identified environmental factors may contribute to 
inducing hydrovolcanic activity. Caldera margins after Wilson et al. (1995), letters in yellow 
square indicate the location of major townships (T: Taupo and R: Rotorua).      …………..….    257 





PREFACE                                                                                                                                               xxvii 
 

List of tables 

Table 2.1 Stratigraphic relationship, source and estimated volumes of large-volume, caldera-
forming eruptions of the TVZ. DRE volume estimates for most deposits are based on known 
mapped extents and recorded thicknesses that are converted, assuming that bulk volumes are 
equivalent to magma volumes when erosion and co-eruptive fall deposits now missing are 
taken into account (Wilson et al. 2009). The age of eruptions was compiled from: 1 – Wilson et 
al. (2009); 2 – Leonard et al. (2010); 3 – Deering et al. (2010); 4 – Danišík et al. (2012); 5 – 
Downs et al. (2014b); 6 – Gravley et al. (2016).      …………………………………..……………………….    17 

Table 3.1 Effusion rates of well-documented lava dome extrusions from the 20th and 21st 
centuries (Newhall and Melson, 1983; Yokoyama, 2005; Pallister et al., 2013; Tuffen et al., 
2013).    ………………………………………………………………………………………………………………..…………..    47 

Table 3.2 Summary of the characteristic morphometric features of domes distinguished in the 
new classification proposed (preliminary results).         ...………………………………………...    63 

Table 5.1 Bubble volume (BV), bubble number density (NV) and typical sizes (equivalent 
diameter: EqDi) and shapes of vesicles (Regularity, Shape factor) for distinct units and clasts 
from the proximal sequence of EER. …………………………………………………………..……………..    106 

Table 5.2 Results of geothermobarometry calculations utilizing Putirka's (2008) two-pyroxene 
calculations on phenocrysts of bombs and blocks. Earlier calculations (Deering et al., 2011) 
indicate deeper source region for the erupted magma.    ………………………………..……..……..    111 

Table 5.3 Results of DRE volume estimations for the OVC based on bulk edifice volume 
calculated from DTM of Ohakune and DRE correction schemes presented at Fig. 5.14.   ....    115 

Table 6.1 Whole rock major and trace element geochemistry of the Te Hukui Basalt and 
compositions of Tatua and Ben Lomond Basalts (Hiess et al., 2007). The scoriaceous fragments 
for S.1 and S.2 samples were collected from the outcrop on the eastern side of Te Hukui Stream 
from unit F as indicated in Fig. 2b by asterisks. Compositions of scoriaceous fragments indicate 
some contamination with country rocks. Analyses are by XRF at University of Waikato, New 
Zealand. ………………………………………………………………………………………………………....…….    132 

Table 7.1 Morphometrical characteristics of selected basaltic (B) and rhyolitic (RH) ejecta rings 
of tuff rings and maars from the Acigöl Complex, Central Anatolia; Lunar Crater Volcanic Field 
(LCVF) and Mono Craters (MC), California; Serdán-Oriental (S-O), Trans-Mexican Volcanic Belt 
and Auckland Volcanic Field (AVF) and Taupo Volcanic Zone (TVZ), New Zealand). *Cerro Pinto 
ejecta ring most likely sits on the top of block-and-ash flow fans, which extra height difference 
is included in the 210 m (Zimmer et al., 2010).    ………………………………………….…….…………    148 

Table 7.2 Volume calculation’s results of distinct structures of PVC (excluding diatremes) using 
different resolution DEMs and basement elevations have been identified from cross sections 
(Fig. 7.4) and field observations. DRE indexes were defined by density measurements of 
fragments collected from fall beds (Fig. 7.9) and the observed vesicularity of dome 
rocks.………….   .…………………………………………………………………………………………………………………    158 

Table 7.3 Compositional range of groundmass glass based on 29 measurements on samples 
from 3-02, 3-03, 3-04 and 3-21 (Fig. 7.2).        ……………………………………………….………………….    160



PREFACE                                                                                                                                              xxviii 
 

Table 7.4 Thermometry results based on feldspar-liquid and two-feldspar thermometers of 
Putirka (2008). For groundmass glass and plagioclase major element compositions see 
Appendix A.7.1.      ……………………………………………………………………………………………………….……   162 

Table 8.1 Summary of the characteristics of volcanic lithofacies of the Motuoapa 
Peninsula.………………………………………………………………………………………………………….…….………..    185 

Table 8.2 Volume calculations of erupted DRE volume from vents near Motuoapa 
Peninsula.…………  ……………………………………………………………………………………………………..………    191 

Table 8.3 Whole rock major and trace element results of XRF measurements. Sample names 
refer to the sampling points indicated at Fig.8.3.        ………………………………………..……………..    192 

Table 10.1 Summary of general eruption-related, petrologic, morphometric, sedimentary and 
pyroclastic characteristics of studied volcanoes.      ………………………………………….………………    229 

Table 10.2 Typical eruption rates and eruption durations of TVZ volcanism derived from 
eruptive volumes of distinct volcanic events. (1) (Harris et al., 2003), (2) (Lyman et al., 
2004).………………………………………………………………………………………………………….………….………..    253 

 

 




