
 

Copyright is owned by the Author of the thesis. Permission is given for a copy to be 
downloaded by an individual for the purpose of research and private study only. The 
thesis may not be reproduced elsewhere without the permission of the Author. 







 



PREFACE  

i 

 

 

 

Abstract 

Taranaki Volcano is an atypical back-arc andesitic stratovolcano located on the Taranaki 

Peninsula of the North Island in New Zealand. Volcanism started c. 200 kyr ago and the 

edifice went through at least 14 sector collapse events with the same number of 

corresponding growth cycles, expanding the surrounding volcanic apron over its lifetime, 

which presently is populated and farmed. Previous studies focussed on the modern edifice 

(<14 ka), the tephra deposits (<29 ka), and the volcaniclastic stratigraphy over the 200 

kyr volcanic history. However, there is a significant knowledge gap in relation to the 

evolution of the Taranaki volcanic system during successive edifice growth cycles (i.e. 

inter-collapse states) and the response of the magmatic system to unloading of the edifice. 

In order to unravel the subaerial and subvolcanic aspects of these growth cycles, the 

sedimentary textures, lithologies and stratigraphy of the volcaniclastic mass-flow deposits 

were investigated in the southwestern sector of the Taranaki ring plain, which provides a 

nearly continuous stratigraphic record of the time period of c. 65-34 ka that comprises 

three edifice regrowth phases. Volcaniclastic mass-flow deposits were the focus of this 

study, providing an opportunity to explore sedimentological and geochemical 

characteristics of eruptive periods of Taranaki Volcano, as there are no proximal sites 

available close to the modern edifice. Due to the well-exposed volcaniclastic successions 

along the coastline of Taranaki Volcano, a classification framework was established for 

the globally applicable categorization of volcaniclastic mass-flow deposits in ring plain 

settings. Additionally, the development of the stratigraphic model of the time period c. 

65-34 ka highlighted the high frequency of widely distributed volcanic mass-flow 

events, approximately occurring 4-5 times in every 4-10 kyr. As these deposits encompass 

the characteristics of eruptive periods, vesicular pyroclasts were analysed in order to 

investigate the time related aspects of the Taranaki magmatic system during edifice 

growth cycles. Based on the analysis of 220 lapilli -sized pyroclasts, whole-rock 

compositions were reproduced by a mixing model, indicating that the volcanic rocks 

originate from melt-mush mixing processes. The mixing ratios varied within the 

individual growth cycles and further revealed that the melt-mush ratios define the 

produced whole-rock compositions, where the assimilant endmember is a primitive mush 

and the melt endmember is a trachyandesitic ascending melt. The temporal variation of 

the pyroclast geochemistry showed that within the inter-collapse states (i.e. growth 

cycles), the range of bulk rock compositions display a broadening pattern over time 









PREFACE  

v 

 

 

 

Table of Contents 
Abstract .............................................................................................................................. i 

Acknowledgements .......................................................................................................... iii  

Table of Contents .............................................................................................................. v 

List of Tables..................................................................................................................... x 

List of Figures ................................................................................................................. xii  

CHAPTER 1 INTRODUCTION  ................................................................................................ 1 

1.1 Volcanic growth and collapse cycles ................................................................. 1 

1.1.1 Interplay between growth cycles and sedimentary processes ............... 3 

1.1.2 Volcanic mass-flows and their deposits ................................................ 4 

1.1.3 Post-collapse magmatic response .......................................................... 5 

1.2 Back-arc magma generation and evolution ....................................................... 6 

1.2.1 Andesitic magmatism ............................................................................ 6 

1.2.2 Methods to characterise petrogenesis .................................................... 7 

1.2.3 Crystal stratigraphy: a tool to track magmatic processes ...................... 8 

CHAPTER 2 LITERATURE  REVIEW  .................................................................................... 9 

2.1 Background Geology ......................................................................................... 9 

2.1.1. North Island .......................................................................................... 9 

2.1.2 Taranaki Basin ..................................................................................... 11 

2.1.3 Taranaki Volcanic Lineament ............................................................. 11 

2.2 Taranaki Volcano ............................................................................................. 12 

2.2.1 Stratigraphy ......................................................................................... 14 

2.2.2 The volcanic history of the 65-34 ka period........................................ 14 

2.2.3 Petrology ............................................................................................. 16 

2.2.4 Temporal evolution of the Taranaki magmatic system ....................... 17 

2.3 Research question ............................................................................................ 20 

2.4 Objectives ........................................................................................................ 21 

2.5 Thesis Outline .................................................................................................. 24 

CHAPTER 3 METHODOLOGY  ............................................................................................. 27 







PREFACE  

viii 

 

 

6.3 Petrology of Taranaki rocks .......................................................................... 115 

6.4 Methodology .................................................................................................. 116 

6.4.1 Material ............................................................................................. 116 

6.4.2 Scanning electron microscope analysis (SEM) ................................. 117 

6.4.3 Electron Microprobe Analysis (EMPA) ............................................ 117 

6.4.4 Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA- 

ICP-MS) Analysis ...................................................................................... 118 

6.4.5 Crystal Pattern Classification (CPC) ................................................. 119 

6.5 Results ........................................................................................................... 121 

6.5.1 Petrography and crystal cargo record ................................................ 121 

6.5.2 Mineral textures coupled with major oxide chemistry ...................... 122 

6.5.2.1 Plagioclase ............................................................................ 122 

6.5.2.2 Clinopyroxene ...................................................................... 126 

6.5.2.3 Titanomagnetite .................................................................... 130 

6.5.2.4 Amphibole ............................................................................ 130 

6.5.3 Mineral trace element chemical zonation .......................................... 131 

6.5.3.1 Plagioclase ............................................................................ 131 

6.5.3.2 Clinopyroxene ...................................................................... 133 

6.6 Discussion ...................................................................................................... 135 

6.6.1 Physical setting of crystallisation and the ascending melts ............... 135 

6.6.1.1 Distinguishing magmas of the growth cycles between c. 65-

34 ka.  ............................................................................................. 135 

6.6.1.2 Geothermobarometric conditions of the investigated mush 

domain.  ............................................................................................. 137 

6.6.1.3 Aspects of the ascending melts ............................................. 147 

6.6.2 Crystal cargo characteristics outlined by the CPC ............................ 151 

6.6.2.1 Interpretation of the crystal patterns (CPs) ........................... 151 

6.6.2.2 Overview of the clinopyroxene crystal patterns ................... 153 

6.6.2.3 Transect profiles elucidating spatial relationships of the melt- mush 

interface ..................................................................................................... 155 

6.6.2.4 The mid-age Taranaki magmatic plumbing system ....................... 158 

6.7 Conclusions .................................................................................................. 161 

 



PREFACE  

ix 

 

 

CHAPTER 7 TEMPORAL  ASPECTS ON THE CRYSTAL -MUSH DOMINATED  
TARANAKI  MAGMATIC  SYSTEM DURING SUCCESSIVE GROWTH  CYCLES ..... 164 

7.1 Volcaniclastic mass-flow deposits as tools: From subaerial to subvolcanic 

processes .............................................................................................................. 165 

7.2 Integration of the Taranaki petrogenetic models ........................................... 167 

7.3 The recycled crystal cargo: Antecrystic, xenocrystic or a mixture? .............. 173 

7.4 The spatiotemporal evolution of the Taranaki transcrustal magmatic system 

............................................................................................................................. 175 

7.5 Global applications based on insights from the Taranaki magmatic system...179 

CHAPTER 8 CONCLUSIONS ............................................................................................... 184 

8.1 Accomplished objectives ............................................................................... 184 

8.2 Future research ............................................................................................... 188 

8.3 Epilogue ......................................................................................................... 189 

REFERENCES ........................................................................................................................ 190 

Appendix A: Supplementary Data of Chapter 4 ........................................................... 222 

Appendix B: Supplementary Data of Chapter 5 ........................................................... 223 

Appendix C: Supplementary Data of Chapter 6 ........................................................... 224 

Appendix D: Supplementary Data of Chapter 7 ........................................................... 225 

Appendix E: DRC16 Form ........................................................................................... 226 



PREFACE  

x 

 

 

List of Tables 

Table 2.1 Major collapse and mass-flow events with other markers in the Taranaki 
Region (adapted from Zernack, 2021). 14C yrs BP presents radiocarbon years 
before AD1980. Ages (ka) refer to 103 years before present including calibrated 
radiocarbon dates BP and chronostratigraphic estimates. Red dashed lines 
indicate the boundaries of the investigated time period of this study. DA: debris- 
avalanche; DF: debris-flow ................................................................................ 15 

 
Table 3.1 Details of the used models for the thermobarometry and hygrometry 

calculations. ........................................................................................................ 36 
 
Table 4.1 Stratigraphic overview of the Taranaki ring-plain succession defined by debris 

avalanche, debris flow deposits and other markers (adapted from Zernack, 2021). 
14C yrs BP presents radiocarbon years before AD1980. Ages (ka) refer to 103 
years before present including calibrated radiocarbon dates BP and 
chronostratigraphic estimates. Bars indicate the chronostratigraphic boundaries 
of deposited Kaitakara and Punehu Sands as observed in the ring-plain 
succession. Dashed lines highlight the stratigraphic position of the deposits of this 
study .................................................................................................................... 43 

 
Table 4.2 Key markers of the studied time period representing calculated ages from 

earlier studies (after Zernack et al., 2011 and Tinkler, 2013) along with the 
direction of collapse, calculated volume and runout distance ............................ 46 

 
Table 4.3 Categorization of the investigated volcaniclastic mass-flow deposits 

representing the main sedimentological characteristics, their distinguishing 
criteria with the representative appearance and their interpretation. Note the 
connection of textures to certain lithologies and physiographic facies. ............. 51 

 
Table 4.4 Petrofacies description and classification criteria of the observed medial 

volcaniclastic mass-flow deposits. Pictures representing the general appearance 
of li thologies. A: lithic-dominated; L, ruler for scale: 17 cm. B: pumice- 
dominated monolithologic; monoP, hammer for scale: 25 cm; C: polylithologic; 
polyL , person for scale: 170 cm. D: lithic and pumice-dominated, LP. E: sandy, 
S, ruler for scale: 10 cm. Semi-quantitative threshold value based on the point 
counting method calculations on the images for estimating componentry in 
surface %.  ................................................................................... 56 

 
Table 4.5 Volume calculations of the Lizzie Bell and the Taungatara Debris Flow deposits 

based on the mapped thicknesses and lateral distributions observed on the field.58 
 
Table 4.6 Classification criteria of volcaniclastic deposits using the proposed coding 

scheme that is composed of the lithofacies (1), the physiographic facies (2) and 
the petrofacies (3) codes. Note that presented coding schemes are examples based 
on this study. Petrof.: Petrofacies. BAF: Block-and-ash flow. PDC: Pyroclastic 
density current. HFD: Hyperconcentrated flow deposit; DFD: Debris flow 
deposit ................................................................................................................. 63 



PREFACE  

xi 

 

 

 

Table 5.1 Stratigraphic overview of the time period c. 65-34 ka based on debris- 
avalanche and debris-flow deposits and an additional peat marker of the ring- 
plain succession of Taranaki Volcano (from Zernack et al., 2011; Tinkler, 2013). 
Age (ka) displays 103 years before present including calibrated radiocarbon dates 
BP and chronostratigraphic estimates. ............................................................... 81 

 
Table 6.1 Number of mapped clinopyroxene (Cpx) and plagioclase (Pl) crystals from the 

selected volcanic rocks of the three studied growth phases (GP1, GP2, GP3). P: 
primitive; T: transitional; E: evolved. Whole-rock compositions after Chapter 5. 

...........................................................................................................................117 
 

Table 6.2 Crystal pattern classification (CPC) of the analysed plagioclase and 
clinopyroxene crystals of the GP units. Arrows indicate the order of classification, 
i.e. from rim to core and from zonation to concentration patterns. .................. 120 

Table 6.3 Clinopyroxene geothermobarometry for GP (1,2,3) igneous rocks of Taranaki 
Volcano. B T-A: Basaltic trachy-andesite; B: Basalt; TB: Trachy basalt; TA: 
Trachy andesite. Depth calculated on the basis of the continental pressure 
gradient of 26.5 MPa/km. .................................................................................. 139 

Table 6.4 Amphibole geothermobarometry for GP (1,3) igneous rocks of Taranaki 
Volcano. TB: Trachy basalt; B T-A: Basaltic trachy-andesite; TA: Trachy 
andesite. Depth calculated on the basis of the continental pressure gradient of 
26.5 MPa/km. Temperature means after Putirka (2016) is calculated using 
equation 5 and 6. ............................................................................................... 143 

Table 6.5 H2O wt.% estimations based on the hygrometer developed by Waters and Lange 
(2015) using average plagioclase rim compositions within each GP along with 
the clinopyroxene and amphibole geothermobarometers. TB: trachy basalt; B T- 
A: Basaltic trachy-andesite; B: Basalt;  TA: trachy andesite ............................ 145 

Table 6.6 GP1 and GP3 P-T-H2O comparison based on the clinopyroxene and amphibole 
compositions, the geothermobarometers (Putirka, 2008, 2016; Neave and 
Putirka, 2017; Ridolfi et al., 2010) and the hygrometer by Waters and Lange 
(2015). ............................................................................................................... 146 

Table 7.1 Stratigraphic resolution of geochemically investigated deposits/volcanic units 
of selected arc volcanoes in relation to inter-collapse states (i.e. growth cycles). 
In comparison, the sampled Taranaki inter-collapse volcaniclastic mass-flow 
deposit packages are indicated for each studied time period outlining the achieved 
high stratigraphic resolution. DAD: Debris-avalanche deposit ....................... 182 



PREFACE  

xii 

 

 

List of Figures 
 
Fig. 1.1 Schematic figure summarising the connections between destructional and 

constructional periods based on known cyclic behaviour and their characteristics 
(modified after Stoopes and Sheridan, 1992; Belousov et al., 1999; Walter and 
Schmincke, 2002; Procter et al., 2009; Zernack et al., 2009); A: Schematic figure 
of the periods and their main processes within a cycle (adapted from Zernack et 
al., 2009). B: Detailed outcomes of associated periods of growth and destruction 
phases. Arrows indicate the connections and order possibilities of periods. ....... 2 

 
Fig. 2.1 A: Main tectonic setting of New Zealand, displaying the relationship of the 

Australian and Pacific Plates, the Alpine Fault and the connected Trench lines. 
B: Map of the North Island of New Zealand showing the depth of the subducting 
slab, the Taupo Volcanic Zone (TVZ) and the location of active andesite 
stratovolcanoes. C: Onshore part of the Taranaki Basin, which includes the 
Taranaki Peninsula (TP) and the Taranaki Volcanic Lineament (TVL), the Cape 
Egmont Fault Zone (CEFZ) to the west and the eastern boundary, marked by the 
Taranaki Fault. Taranaki Basin adapted from Kamp et al., 2004. Maps: Linz 
Database; NASA Earth Observatory. ................................................................. 10 

 
Fig. 2.2 Quaternary geological map of the Taranaki Peninsula showing the distribution 

of debris-avalanche deposits (A); undistinguished debris-avalanche, lahar, fluvial 
and alluvial deposits (B); pre-Taranaki Maitahi debris-avalanche deposit (C); 
Young block-and-ash flow deposits of the Maero Fm (D; modified after Neall, 
1979; Neall and Alloway, 2004; Alloway et al., 2005) ....................................... 13 

 
Fig. 2.3 Summarised schematic depiction representing the lithospheric cross-section 

beneath Taranaki Volcano (modified after Zernack et al., 2012b; Price et al., 
2016) focused on the magmatic system and the petrogenesis of volcanic rocks 
based on the previous studies that are presented in the figure (Stewart et al., 1996; 
Price et al., 1999; Annen et al., 2006; Turner et al., 2008a; Gruender et al., 2010; 
Zernack et al., 2012b; Price et al., 2016). P Moho: Petrological Moho; S Moho: 
Seismological Moho; Conrad: Conrad Discontinuity ........................................ 19 

 
Fig. 3.1 Map of the southern and southwestern sector of the Taranaki ring-plain system 

indicating the location of the investigated medial coastal region (black dashed 
line) and the chosen main sites (S1, S2, S3) of the growth phases (GP) along with 
their estimated stratigraphic timeframe. The stratigraphic context of the 
representative sites is defined through debris-avalanche deposits (DAD) as 
chronostratigraphic markers (after Zernack et al., 2011) separating individual 
growth phases. .................................................................................................... 29 

 
Fig. 3.2 Selected vesicular pyroclasts exhibiting the four identified colours. A: White B, 

F:  Grey C, D: Dark grey E: Yellow. Black bar for scale: 5 cm. ........................ 31 
 

Fig. 3.3 Representative binocular microscopic image of a glomerocryst within a 
pumiceous volcanic rock sampled from GP2 (sample: LBLHFE-5). ................. 31









PREFACE  

xvi 

 

 

Fig. 5.13 Major and trace elemental comparison of inter-collapse (clasts of the GP units; 
65-34 ka), pre-collapse (clasts of Te Namu DAD ~34 ka, Rama DAD ~40 ka and 
Otakeho DAD ~55 ka) and early-system (clasts of Okawa and Motunui DAD; 
>105 ka) compositions as a function of SiO2 and K, respectively (pre-collapse and 
early-system composition data from Zernack et al., 2012b). Dashed lines indicate 
the SiO2 (for major elements) and K (for trace elements) compositional boundary 
between pre- and inter-collapse chemistry ....................................................... 106 

Fig. 6.1 A: Map of New Zealand indicating the Taranaki Peninsula (yellow rectangle) as 
the focus area of the study. B: The North Island indicating the Taupo Volcanic 
Zone (TVZ), the Taranaki Volcanic Lineament (TVL) and the location of the field 
area (yellow rectangle) within the south and southwestern part of the ring plain. 
Stratigraphic context of the three investigated growth-phases (GP) is represented 
with the illustrative position of the sampled GP sites along with the investigated 
number of clinopyroxene (Cpx) and plagioclase (Pl) crystals. The debris- 
avalanche deposits are indicated in-between the growth cycles (DAD) outlining 
the collapse events within the time period 65-34 ka. ........................................ 114 

Fig. 6.2 Main textural and compositional features of plagioclases of the pumiceous and 
scoriaceous samples from GP1, 2, 3. A: Flat profiles. B: Small-scale oscillatory 
zoning and discordancy oscillatory zoning indicated by the arrow. The average 
anorthite (An) contents of oscillatory zones are also indicated. C: Patchy-textured 
core with resorption/dissolution textured mantle. The average An content of cores 
are indicated by the arrow. D: Large-scale sieve-textured mantle. The average 
sieve-texture compositions as indicated. E: Multiple sieve-textured resorption 
surfaces. Numbers indicate the order of resorption events. Yellow dashed lines 
highlight the resorption surfaces. ..................................................................... 124 

Fig. 6.3 Anorthite content of plagioclase mottled cores and patches analysed from the 
GP units. ............................................................................................................ 125 

Fig. 6.4 Core, mantle and rim anorthite compositions of each GP unit plagioclase 
analysis.............................................................................................................. 125 

Fig. 6.5 Pyroxene crystals representing the main textural characteristics. A: Patchy- 
zoned cores outlined by the yellow arrows along with the Mg# value range. B: 
Thin and thick oscillatory zoning indicated by the arrows. Mg# content range of 
Mg#-rich mantles as indicated. C: Flat profiles with Fe-Ti oxide association.127 

Fig. 6.6 Mg# compositions for core, mantle and rim of each GP unit clinopyroxene 
analyses. Inset: General Cpx SiO2 wt.% compositions as a function of Mg#. .. 129 

Fig. 6.7 Minor element (Al-Na) zonation within a clinopyroxene phenocryst. White line 
indicates the path of data extraction from the crystal map using CellSpace. ... 129 

Fig 6.8 A: Amphibole (outlined by yellow arrow) with patchy zoning forming a 
glomerocryst with a clinopyroxene. B: Amphibole with decompression rim 
(indicated by the arrow) accompanied by titanomagnetite............................... 131 









 

 

 





INTRODUCTION CHAPTER 1 
 

 
2  

 
 

 
 

Fig. 1.1 Schematic figure summarising the connections between destructional and constructional 
periods based on known cyclic behaviour and their characteristics (modified after Stoopes and 
Sheridan, 1992; Belousov et al., 1999; Walter and Schmincke, 2002; Procter et al., 2009; Zernack 
et al., 2009); A: Schematic figure of the periods and their main processes within a cycle (adapted 
from Zernack et al., 2009). B: Detailed outcomes of associated periods of growth and destruction 
phases. Arrows indicate the connections and order possibilities of periods. 

 

A high frequency of cyclic collapse and subsequent edifice growth has been attributed 

to a high magma supply rate, whereas volcanoes characterised by low eruption rates 

typically display a low number of failures with long intervals between events or smaller 

volumes of collapses. Failure frequencies along with the volumes vary strongly (Zernack 

and Procter, 2021 and references therein) ranging from minor landslides (102-103 m3) 
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which is more than seven times the norm (Wilson, 1995). The TVZ encompasses (a) an 

active volcanic arc containing volcanoes from White Island to the Tongariro Volcanic 

Centre (TgVC) that are associated with andesite-dacite rock types and (b) an extending 

back-arc basin in the central part of the North Island where rhyolites dominate (Wilson et 

al., 1995, 2009; Rowland et al., 2010). 
 
 

Fig. 2.1 A:  Main tectonic setting of New Zealand, displaying the relationship of the Australian and Pacific 
Plates, the Alpine Fault and the connected Trench lines. B: Map of the North Island of New Zealand 
showing the depth of the subducting slab, the Taupo Volcanic Zone (TVZ) and the location of active 
andesite stratovolcanoes. C: Onshore part of the Taranaki Basin, which includes the Taranaki Peninsula 
(TP) and the Taranaki Volcanic Lineament (TVL), the Cape Egmont Fault Zone (CEFZ) to the west and 
the eastern boundary, marked by the Taranaki Fault. Taranaki Basin adapted from Kamp et al., 2004. Maps: 
Linz Database; NASA Earth Observatory. 

 
The TgVC comprises Ruapehu, Tongariro and Ngauruhoe (Donoghue et al., 1995; 

Cronin and Neall, 1997; Hobden et al., 2002). The central TVZ is subdivided into four 

volcanic centres: Taupo, Maroa, Okataina, and Rotorua Volcanic Centres characterised 
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progressively younger from the NNW to the SSE and are distinct from andesitic 

volcanism of the TVZ (Neall et al., 1986): (a) Sugar Loaf Islands and Paritutu (1.7 Ma; 

Neall, 1979), (b) Kaitake Volcano (0.57 Ma; Neall, 1979), (c) Pouakai Volcano (0.25 Ma, 

Neall, 1979) and (d) Taranaki Volcano (formerly known as Egmont Volcano; 0.2 Ma; 

Zernack et al., 2011). Volcanism has migrated in a southeast direction (Neall, 1979; Neall 

et al., 1986), which is almost perpendicular to the orientation of the TVZ lineament. The 

Sugar Loaf Islands are remnants of older cumulodomes offshore and the onshore volcanic 

spike Paritutu, representing dykes and spines (Arnold, 1959; Grant-Taylor, 1964a, b), was 

K-Ar dated at 1.7 Ma (Stipp, 1968). Kaitake Volcano was active at c. 575 ka (Stipp, 

1968). Ten kilometres to the SE, the deeply eroded andesitic edifice of Pouakai Volcano 

(Neall, 2003) rises up to 1,399 m above sea level. Volcanism at this centre started at c. 

670 ka (Neall, 2003) and ended with a destruction event that generated the Maitahi debris 

avalanche at c. 210-250 ka (Fig. 2.2; Gaylord et al., 1993; Gaylord and Neall, 2012). The 

youngest and most southerly andesitic edifice of the TVL is Taranaki Volcano. The areas 

surrounding Taranaki Volcano and the older edifices on the peninsula comprise deposits 

derived from collapse episodes (or destruction phases) and intercalated volcaniclastic and 

reworked deposits predominantly sourced from Taranaki Volcano (Neall, 1979; Alloway 

et al., 2005; Zernack et al., 2009, Zernack, 2021). 

 
2.2 Taranaki  Volcano 

Taranaki Volcano (2,518 m above sea level) is the youngest member of the TVL and 

the second highest mountain of the North Island (Neall et al., 1986) after Ruapehu 

Volcano (2,797 m). Volcanism started at least 130 kyrs ago (Neall et al., 1986; Alloway 

et al., 2005), however, based on recognition of a c. 200 ka old debris-avalanche deposit, 

the Mangati Formation, an earlier inception of volcanic activity was suggested by Zernack 

et al. (2011). The latest known eruption occurred between 1785 and 1860 A.D. (Platz et 

al., 2012). 

The modern Taranaki edifice is an almost perfectly shaped stratovolcano that is made 

up of lavas and pyroclastic deposits that are mainly younger than 14 ka (Neall, 1979; 

Turner et al., 2011). The eruptive history of the past 10 kyrs (Neall et al., 1986) is 

characterised by sub-Plinian eruptions and effusive events (Alloway et al., 1995; 

Damaschke et al., 2017a, b; Torres-Orozco et al., 2017a, b), which produced alternating 

layers of pyroxene-andesite and hornblende-andesite lavas and fragmental volcanic 
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deposits, including tephra-fall units, scoria-rich pyroclastic-flow deposits and juvenile-, 

lithic-rich block-and-ash-flow deposits. These deposits represent only a small amount 

(~12 km3) of the total volume of erupted material (Neall et al., 1986; Zernack et al., 

2012a). The symmetric shape of the cone is broken by three lava domes on its lower 

flanks: (1) The Dome (900 m above sea level) and (2) Skinner Hill (1100 m above sea 

level), located on the northern flank and (3) the two Beehive domes (800 - 900 m) on the 

southern flank, which are in a NNE-trending alignment with the satellite vent of Fanthams 

Peak. The cone is surrounded by a 1,000 km2 volcaniclastic ring plain, made up of >150 

km3 of debris-avalanche, other volcaniclastic mass-flow and fluvial deposits (Fig. 2.2; 

Neall et al., 1986; Alloway et al., 2005; Procter et al., 2009; Zernack et al., 2011; Zernack, 

2021). The western to southern Taranaki coast is characterised by cross-sectional 

successions of the <105 ka medial ring-plain, while the oldest Taranaki-sourced debris- 

avalanche deposits (DADs) are found in the north eastern ring-plain sector and along the 

northeastern coast (Alloway et al., 2005). To the north, the eroded remnants of Pouakai 

and Kaitake Volcanoes formed a physiographic barrier to mass-flows derived by Taranaki 

Volcano. 
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Stratford Fm. occupying the area to the east of Manaia and the Opunake Fm. occurring 

between Opunake and Manaia (Grant-Taylor and Kear, 1970). 

Subsequent studies recognised individual debris-avalanche deposits (Palmer and 

Neall, 1991; Palmer et al., 1991) and redefined their dispersal (Neall and Alloway, 2004). 

The most recent studies concluded that at least three major collapse events happened 

during the here studied interval of 65-34 ka (Table 2.1; Zernack et al., 2011): 
 
 

Table 2.1 Major collapse and mass-flow events with other markers in the Taranaki Region (adapted from 
Zernack, 2021). 14C yrs BP presents radiocarbon years before AD1950. Ages (ka) refer to 103 years before 
present including calibrated radiocarbon dates BP and chronostratigraphic estimates. Red dashed lines 
indicate the boundaries of the investigated time period of this study. DA: debris-avalanche; DF: debris- 
flow. 
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Fig. 2.3 Summarised schematic depiction representing the lithospheric cross-section beneath Taranaki 
Volcano (modified after Zernack et al., 2012b; Price et al., 2016) focused on the magmatic system and the 
petrogenesis of volcanic rocks based on the previous studies that are presented in the figure (Stewart et al., 
1996; Price et al., 1999; Annen et al., 2006; Turner et al., 2008a; Gruender et al., 2010; Zernack et al., 
2012b; Price et al., 2016). P Moho: Petrological Moho; S Moho: Seismological Moho; Conrad: Conrad 
Discontinuity.
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2.3 Research question 

Individual long-lived stratovolcanoes can experience repeated edifice growth 

interspersed by catastrophic sector collapse events. During edifice growth cycles (i.e. 

construction or growth phases), dome collapses or flank collapses of stratovolcanoes can 

be triggered by a variety of mechanisms and pose a significant risk to the population and 

infrastructure close to the volcano. However, the processes of alternating collapse and re- 

growth operate over long-time scales and such cyclic behaviour is often overlooked as 

most of the time the evidence of such phases is buried or eroded (e.g. Zernack et al., 

2012a). Due to more complete exposure, studies often concentrate on the Holocene 

geologic record, an interval which is too brief to interpret long-term cyclic characteristics 

of a volcano (e.g. Siebert et al. 1995; Belousov et al. 1999; Waythomas & Miller 1999; 

Reid et al. 2001; Zernack et al., 2011). While collapse events and the produced debris- 

avalanche deposits have been reported and investigated at many volcanoes worldwide, 

for most volcanoes only one major collapse event is recorded. Repeated debris avalanches 

have been described from several long-lived stratovolcanoes globally, e.g. Colima 

(Stoopes and Sheridan, 1992), Rainier (Vallance and Scott, 1997), Shiveluch (Belousov 

et al., 1999) or Taranaki Volcano (Procter et al., 2009, Zernack et al., 2009, 2011). 

New Zealand has several long-lived stratovolcanoes, such as Taranaki and Ruapehu 

Volcanoes, and Tongariro as a complex volcano, that exhibit long-term records of growth 

and destruction cycles providing a unique opportunity for detailed hazard analysis. The 

observed high frequency of volcanic mass-flow events throughout growth cycles pose a 

significant hazard for the nearby population, because they are able to inundate large 

areas (>25 km from source). In the case of Taranaki Volcano, mass flows and debris 

avalanches could potentially impact the extensive drainage network, reaching significant 

parts of the region (Neall, 1976a, b; Zernack et al., 2009; Procter et al., 2009). Earlier 

studies provided knowledge on the magmatic processes, the temporal evolution and the 

volcanic eruptive history of the young (<24 ka) and old (>105 ka) Taranaki volcanic 

system. However, the time-period of 65-34 ka has not been studied in detail, therefore 

this study aims at closing this knowledge gap. 

A fundamental question that arises is how does the magmatic system respond to 

consecutive collapse and regrowth of Taranaki Volcano? Furthermore, how does the 

magmatic plumbing system behave during individual edifice re-growth cycles and how 

is this reflected on the sedimentary and geochemical characteristics of the produced  



LITERATURE REVIEW CHAPTER 2 
 

 
21  

 

volcaniclastic mass-flow deposits? Can these deposits be used to construct a petrogenetic 

model that assesses the temporal changes of the magmatic system throughout growth 

phases and what are the best approaches in the field and the laboratory? Do the magmatic 

sources and processes vary over short timescales at Taranaki Volcano and do these 

variations provide evidence of an influence by the increasing edifice load conditions over 

time. 

In order to address these questions, this study will investigate and characterise the 

sedimentology, lithology, stratigraphy and geochemical variability of volcaniclastic 

mass-flow deposits throughout several consecutive growth cycles that are exposed in 

the medial Taranaki ring plain with a nearly continuous stratigraphic record.  

 

2.4 Objectives 

This research intends to explore and elucidate, from subaerial to subvolcanic scales 

using sedimentological and geochemical perspectives, the temporal driving forces and 

processes operating at stratovolcanoes during growth cycles. This aim may be reached by 

investigating stratigraphically localised volcaniclastic deposits as edifice growth 

indicators in order to zoom into the eruptive products they deposited to discover the 

space-time conditions of the Taranaki magmatic plumbing system at depth, the connected 

characteristics of andesitic magmatism and its response to edifice growth over time. 

The below presented objectives were set as the main stepping stones of this research 

in the light of the following aspects: 

�x Taranaki Volcano underwent at least 14 collapse events throughout its ~200 

ka lifetime and the modern edifice has already reached a structurally 

unstable condition. 

�x The observed volcaniclastic mass flows travelled more than 30 km from 

source, and thus had significant impact on medial areas (25-30 km), which 

are now populated and intensively farmed. 

�x Our insufficient knowledge of the Taranaki volcanic system during growth 

cycles is inadequate for accurate future hazard assessments. 

�x The unique volcaniclastic record provides an opportunity to gain insights into 

the andesitic magmatism of an atypical arc system during consecutive growth 

cycles, which may significantly improve our present-day knowledge on this 

topic. 
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Five principal objectives were developed as follows: 

Objective 1: Investigating sedimentological, lithological and stratigraphic properties 

and relationships of volcaniclastic mass-flow deposits in the southwestern sector of the 

Taranaki ring plain.  

Volcaniclastic mass-flow deposits at Taranaki Volcano are exceptionally well- exposed 

due to continuous coastal erosion and uplift of the ring plain succession. This provides 

access into time-windows, which are buried and/or eroded at more proximal (<20 km) 

sites of the modern edifice. The southwestern sector of the ring plain is unique in that 

the exposed debris-avalanche and volcaniclastic mass-flow deposit sequences along 

with fluvial sediments, aeolian deposits and paleosols display a nearly continuous 

stratigraphic timeframe between c. 65-34 ka. The range of volcaniclastic deposits, their 

different sedimentary textures, lithologies and paleotopographic relationships record the 

volcanic history of Taranaki Volcano. 

Thus, the classification of these well-exposed volcaniclastic mass-flow deposits 

based on their broad range of observed facies variations may provide robust information 

to develop a classification criteria specifically attributed to volcaniclastic deposits, 

which can be applied globally in ring-plain settings. The classification further acts as a 

foundation for establishing a more detailed stratigraphic model for the time period c. 

65- 34 ka, by elucidating the nature of sedimentary and volcanic processes, while 

broadening our knowledge on the complex evolution of the Taranaki ring plain system 

and stratigraphy. 

Objective 2: Geochemical fingerprinting of consecutive Taranaki growth cycles based 

on the nearly continuous stratigraphic succession from c. 65-34 ka. 

The aim is to target specific volcaniclastic mass-flow deposits that indicate a direct 

relationship with eruptive periods during individual growth cycles for sampling their 

eruptive products. Major and trace element whole-rock analysis of the sampled volcanic 

clasts allows the geochemical characterisation of the individual growth cycles within 

the studied time period and potential temporal variations. This provides the basis for 

developing a petrogenetic model for inter-collapse (i.e. growth cycle) conditions of 

Taranaki Volcano. 

The eruptive sample suite can further be subjected to geochemical analyses of the 

mineral assemblages (such as plagioclase, clinopyroxene, Fe-Ti oxides and amphiboles) 

as a tool for investigating the geochemical characteristics of the Taranaki crystal cargo  
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between c. 65-34 ka. The result will be compared to what is known about the early 

system (>105 ka) to gain insights into the temporal evolution of the Taranaki 

magmatic plumbing system. Furthermore, a geochemical comparison of studied debris 

avalanche deposit clast assemblages and growth cycle eruptives may unravel 

geochemical signatures that indicate the response of the Taranaki magmatic system to 

repeated edifice collapse and regrowth. 

Objective 3: Determining crystallisation conditions and characterising ascending melts 

during individual growth cycles. 

The P-T-H2O conditions of crystallisation and the ascending melts can be determined 

based on the mineral geochemical data derived in Objective 2. Geothermometry, 

geobarometry and hygrometry modelling will  be undertaken to develop a better 

understanding of the vertically complex plumbing system beneath Taranaki Volcano, 

the characteristics of melts mobilised at depth and the overall response of the magmatic 

system to frequently occurring edifice collapse and subsequent regrowth. The results 

will  be compared to datasets from earlier studies, to reveal similarities or discrepancies 

in relation to crystallisation conditions within the Taranaki magmatic plumbing system.  

Objective 4: Crystal stratigraphy of texturally and chemically complex mineral phases 

to unravel recurring patterns within the Taranaki crystal cargo. 

The whole-rock compositional results obtained in Objective 2 will provide the basis for 

further investigating textural and chemical patterns in the observed mineral phases of the 

Taranaki crystal cargo. Crystal stratigraphy will be used on selected plagioclase and 

clinopyroxene crystals from each studied growth cycle. Applying this technique allows 

the exploration of multiple elemental variations (i.e. zonations) within a complex 

crystal by mapping the entire crystal surface. Choosing a range of whole-rock 

compositions and analysing the comprised crystals, may unfold specific links or 

uncoupling between the bulk-rock and mineral assemblage geochemistry. Crystal 

stratigraphy will  not only provide information on the observed crystal patterns and their 

recurrence but may also expose chemical signatures of specific major and/or trace 

elements within certain regions of the crystals. These can be linked to unique magmatic 

processes and their spatiotemporal variation within the vertically extended Taranaki 

magmatic plumbing system. 
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Objective 5: Temporal aspects of the Taranaki magmatic system and the development 

of an integrated model for inter-collapse states. 

Conclusively, the data and new knowledge obtained in Objectives 1-4 will  provide the 

foundation for developing a revised Taranaki petrogenetic model in the light of growth 

and collapse cycles, which will be tuned to the early models. This will significantly 

improve our present-day understanding of the spatiotemporal variation of mid-crustal 

processes at back-arc volcanoes and their response to edifice growth cycles. 

 

2.5 Thesis Outline 

This dissertation is comprised of submitted or planned to be submitted manuscripts. 

Therefore, repetition, to a certain extent, is present between chapters, mainly connected 

to the introductory sections describing the geological and petrological aspects of Taranaki 

Volcano. This chapter dealt with a summarized introductory on the topics this research 

gains insights into, and is followed by Chapter 2, providing a geological and 

petrological background to Taranaki volcanism. Chapter 3 introduces the methods 

applied in this research, the connected terminology, and the used models. 

The core of this study comprises the following chapters. Chapter 4 deals with the field 

work related observations, classification development and reconstructed stratigraphy of 

the volcaniclastic mass-flow deposits in the Taranaki ring plain. Chapter 5 builds upon 

the information collected on the field and intends to investigate the temporal geochemical 

variation of Taranaki volcanic rocks during consecutive growth cycles. Melt-mush 

mixing is proposed as the dominant magmatic process on which edifice loading has a 

significant effect over time towards pre-collapse states. The subject of Chapter 6 involves 

the crystallization conditions (i.e. P-T-H2O) of the Taranaki crystal cargo observed within 

the collected pyroclasts (i.e. the amphiboles and clinopyroxenes) of the individual growth 

cycles and further encompasses the exploration of the plagioclase and clinopyroxene 

chemical zonation patterns, for which the crystal pattern classification framework was  

developed.  

As the final parts of the thesis, the focus of Chapter 7 includes the synopsis of the 

volcaniclastic mass-flows as multitools, the discussion on the newly developed Taranaki 

petrogenetic model and the origin of the recycled crystal cargo. Further, it introduces 

the comparison between the early system (>105 ka) and mid-age system (65-34 ka) in 

the light of the physical conditions of crystallization and emplaces the findings of this  
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research on an international level. The closing Chapter 8 consists of the short summary 

of the objectives that were targeted and achieved by this study and provides 

implications for future research. 
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size terminology for volcaniclastic deposits used here follows the nomenclature 

developed by White and Houghton (2006) that connects the terminology by Fischer 

(1961) with a deposit-origin focus (Cas and Wright, 1987) while integrating the scale for 

grain-size determination of Wentworth (1922). 

Componentry terminology: The studied volcaniclastic mass-flow deposits are 

comprised of remobilised juvenile and lithic components, such as recycled pumice, scoria 

and dense clasts and individual crystals, that were defined following the component 

classification of White and Houghton (2006). Pumiceous and scoriaceous pyroclasts, or 

in this study collectively referred to as vesicular pyroclasts, exhibit similar characteristics 

(with respect to vesicularity, phenocryst and/or microcryst content), especially in the case 

of the eruptive products of Taranaki Volcano. However, when feasible, pumice and scoria 

clasts are distinguished by their colour with pumices typically being white or light grey 

and rarely yellow (e.g. McPhie et al., 1993; Jackson et al., 2005), whereas scoriae are 

commonly dark grey or black in colour (e.g. Taddeucci et al., 2015). 

 
3.2 Field Campaign 

Field observations involved detailed mapping of the south and southwestern sector of 

the medial (25-30 km from source) ring plain succession over a c. 30 km-long stretch of 

coastline between the townships of Opunake and Manaia (Fig. 3.1). This involved using 

the debris-avalanche stratigraphy for chronostratigraphic control and to identify the 

boundaries of growth cycles between collapse events. Additional marker beds, such as 

the Hihiwera Peat and the Ihaia debris-flow deposit recognised by earlier studies (Zernack 

et al., 2011), helped further define the timeframes of volcanic mass-flow deposition in 

the southwestern ring-plain sector. 

Stage 1. Deposit classification 

Volcaniclastic mass-flow deposits were identified based on lithological and 

sedimentological features and by their stratigraphic position with respect to marker beds. 

A classification system was established based on clear distinction-criteria derived from 

specific sedimentary features of the volcaniclastic mass-flow deposits, as well as varying 

petrofacies, i.e. lithological variation of comprised clast assemblages, and physiographic 

facies (reflecting the influence of the paleotopography; see detailed description in 

Chapter 4). 

Stage 2. Key sections 

Stratigraphic columns were recorded and measured at selected key sections (Appendix  
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A2) along the coastline, which provided the best detailed exposure of the volcaniclastic 

mass-flow deposits over the studied time period (c. 65-34 ka). These key sections were 

also used to develop the classification scheme mentioned above in Stage 1. The deposits 

were described and characterised in lateral exposure to record depositional changes 

mainly perpendicular to the source and rarely parallel to the flow direction. 

Stage 3. Stratigraphic model 

The coastal cross-section of the volcaniclastic mass-flow deposits was mapped by 

establishing the stratigraphy of individual deposit packages and analysing facies 

variations over the studied 30 km-long stretch of shoreline. The location of paleochannels 

was recorded and their age range was estimated (Appendix A2). These erosional 

unconformities proved to be helpful markers and tools for reconstructing the volcano- 

sedimentological history of the investigated time period. 

 

Fig. 3.1 Map of the southern and southwestern sector of the Taranaki ring-plain system indicating 
the location of the investigated medial coastal region (black dashed line) and the chosen main 
sites (S1, S2, S3) of the growth phases (GP) along with their estimated stratigraphic timeframe. 
The stratigraphic context of the representative sites is defined through debris-avalanche deposits 
(DAD) as chronostratigraphic markers (after Zernack et al., 2011) separating individual growth 
phases. 

 
The interpretation and classification of deposits was based on and linked to the 

research of Stage 1 and 2, respectively. Combining all observations, a stratigraphic model  
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Fig. 3.2 Selected vesicular pyroclasts exhibiting the four identified colours. A: White B, F: Grey 
C, D: Dark grey E: Yellow. Black bar for scale: 5 cm. 

 
3.3.3 Petrography 

 
General petrographic analyses were carried out in order to describe the main rock 

textures and mineral phases using a polarising microscope (Nikon Eclipse) with 

integrated digital camera at Massey University, Palmerston North (Fig. 3.3). Mineral 

assemblages and matrix characteristics were investigated and grouped. Proportions of 

minerals to groundmass were calculated using ImageJ software for phase discrimination. 

Microlites were classified as groundmass. 

 

 
Fig. 3.3 Representative binocular microscopic image of a glomerocryst within a pumiceous 
volcanic rock sampled from GP2 (sample: LBLHFE-5). 
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3.4 Laboratory  Work  II  �± Geochemical approach 

Please note, that detailed descriptions of the geochemical methodologies that were used 
can be found in Chapter 5 and 6, under the Methodology and Analytical methods sub-
chapters, respectively. 

 
3.4.1 Crystal Pattern Classification - CPC 

 
The CPC tool was developed after the acquisition of complex plagioclase and 

clinopyroxene crystal maps. The aim of this classification system was to combine the 

nomenclature and application of crystal regions and the textural and chemical zonation 

profiles to enable better and more consistent interpretation of the produced datasets. The 

classification system characterises the observed textural and chemical patterns of 

different areas of a crystal to assess the processes affecting the explored mineral. The 

advantage of such a framework is that it efficiently exposes multiple elemental 

distribution patterns within a complex single crystal, which contributes to a better 

understanding of diverse magmatic processes. Based on the findings of this study, the 

CPC is highly recommended as a tool for future research that involves multiple 

elemental chemical zonation and distribution investigations on Taranaki phenocrysts or 

at other volcanoes globally. For further description see Chapter 6. 
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period. For this purpose, several models were applied (additional properties can be found 

in Table 3.1; along with detailed descriptions and modelling procedures in Chapter 6): 

(1) The amphibole geobarometer developed by Ridolfi et al. (2010; Eq. 4) offers an 

equation to predict pressures and builds on the Al index provided for the H2Omelt 

estimation: 

�2 =  19.209�A(1.438�#�H�6) 

 
 

(2) The amphibole geobarometer by Putirka (2016) is an advanced, recalibrated 

version of the Putirka (2008) geobarometer. In this study, the preferred Eq. 7a is 

used, which is more precise at higher temperatures: 

 
�2 (�G�>�=�N) =  
F30.93 
F 42.74[�H�J(�&�#�H] 
F 42.16[�H�J(�: �H�E�M ] +  633[�: �H�E�M   ] +  12.64[�: �H�E�M ] 

�#�H2�13 

+  24.57[�#�H�=�I�L] +  18.6[�- �=�I�L] +  4.0[�H�J(�&�0�=)]  
�22�15 �*2�1 

 
 

where AlAmp and KAmp are the numbers of the cations in amphibole (calculated on the 

basis of 23 O atoms). All liquid composition terms are hydrous mole fractions of the 

indicated oxides, and the partition coefficient terms (i.e. DAl  or DNa) use respective 

hydrous mole fractions for the liquid. 

(3) The amphibole geothermometer defined by Ridolfi et al. (2010; Eq. 1) adds a 

silicon index (Si*) to the formula, which is expressed as 

 
T = - 151.487Si* + 2.041 

where �5�E �Û =  �5�E +  [4]  �#�H 
F 2[4] �6�E 
F [6]  �#�H 
F [6]  �6�E +  �(�A
3+  

+  �(�A
2+  

+  �/�C +  �$ �%�= +  �$ �0�= 
F 

�# �0�= +  �# [ ]. 
1.5 2 1.8 9 3.3 26 5 1.3 

15 2.3 
 
 

(4) The clinopyroxene geothermometer that is applied in this study uses Eq. 33. from 

Putirka (2008), as it is still the most accurate clinopyroxene-liquid thermometer 

established, based on the Jd-DiHd (Jadeite - Diopside + Hedenbergite) exchange 

of 1174 hydrous and anhydrous experimental data: 
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0.08�H�J(�: �H�E�M  ) 
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F 1.1(�/�C# �H�E�M) 
F 0.18�H�J(�: �?�L�T  ) 
F 
�6�E�12 �0�=�10.5 �-�11.5 

0.027�2(�G�>�=�N) 

�'�J�(�O 

 

where DiHd and EnFs are the clinopyroxene components, namely diopside + 

hedenbergite and enstatite + ferrosilite. These clinopyroxene components are calculated 

using the strategy of Putirka et al. (2003). 

 
(5) The clinopyroxene geobarometer developed by Putirka (2003, 2008) was refined 

and reformulated by Neave and Putirka (2017). The model is defined by Eq. 1, 

which is a more reliable Jd-in-clinopyroxene barometer to predict pressure 

estimates, based on 113 hydrous and anhydrous experiments: 
 
 
 

�2(�G�>�=�N) =  
F26.27 + 39.16 
�6(�- ) 
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(6) The clinopyroxene geothermobarometers mentioned above are dependent on 

H2O, thus they require the H2Omelt content, which can be obtained by using the 

thermobarometers in combination with the hygrometer of Waters and Lange 

(2015). This hygrometer is a recalibrated, advanced version of the model of Lange 

et al. (2009), based on 107 hydrous and anhydrous phase-equilibration 

experiments. It provides more constraint standard error estimates on the 

equilibrium exchange reaction of the anorthite (CaAl2Si2O8) and albite 

(NaAlSi3O8; Table 3.1) components between crystalline plagioclase and 

magmatic liquid: 

 
CaAl2Si O plagioclase + NaAlSi3O8

liq = CaAl2Si O liq + NaAlSi O plagioclase
 

 

Hygrometry models for melt water-content estimations were carried out by two 

approaches: (i) Ridolfi et al. (2010) model using Al  content in amphiboles as it is mainly 

�:  
2 
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1979; Palmer and Neall, 1991; Zernack et al., 2011). Earlier studies focused on both the 

younger eruptives and older deposits: depositional sequences of the modern edifice (<14 

ka; Neall, 1979; Platz et al., 2007a, 2012; Turner et al., 2011) and younger deposits 

exposed in the ring plain have been investigated to understand the last c. 30 kyr of 

volcanic activity (Neall, 1979; Neall et al., 1986; Alloway et al. 1995, 2005; Procter et 

al., 2009; Damaschke et al., 2017a, b; Lerner et al., 2019). Prior this time period, older 

units (>30 ka) have been studied in coastal cliff exposures in south-west and south 

Taranaki Volcano due to coastal erosion and uplift of the Taranaki Peninsula (Pillans, 

1983). Previous investigations have included a regional mapping project and 

sedimentological (Neall et al., 1986; Palmer and Neall, 1991; Zernack et al., 2009) and 

stratigraphy-based work (Zernack et al., 2011), correlating the exposed debris-avalanche 

deposits and reconstructing the older volcanic history. Earlier studies also provided a 

lithofacies classification (Palmer and Neall, 1991) and categorized these lithofacies by 

clast features, textures, thicknesses, and geometries of the deposits. 

This study presents a comprehensive sedimentological and lithological framework and 

sedimentary facies classification of the medial (20-30 km from source) volcaniclastic 

deposits within the ring plain of Taranaki Volcano. The stratigraphic model further aims 

to clarify sedimentological and volcanic processes throughout the studied growth phases, 

establishing the order of events within the volcaniclastic apron. The facies analysis takes 

into account lithologies associated with each deposit and also connects facies to each 

sedimentological texture. Therefore, linkage of lithological classification to source areas 

is improved by pointing out unique lithological identifiers within the deposits. This 

classification also attempts to provide information on the possible trigger mechanisms of 

the volcaniclastic mass flows. Overall, the developed framework assists in clarifying 

transport, depositional processes and possible origin of mass flows providing a well- 

defined model for rapidly changing environments in a ring-plain system. 

 
 

4.2 Taranaki  Volcano 

Taranaki Volcano is located on the Taranaki Peninsula in the North Island, New 

Zealand (Fig. 4.1 A). Volcanic activity started more than 130 kyr ago (Alloway et al., 

2005). However, based on an old debris-avalanche deposit (Mangati Fm.), an earlier onset 

of c. 200 ka was suggested by Zernack et al. (2011). The almost perfectly shaped cone 

(~15 km3; Procter et al., 2009) is composed of lava and pyroclastic deposits that are 
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younger than 14 kyr (Neall, 1979; Turner et al., 2011). The volcanic edifice is surrounded 

by an almost circular, volumetrically larger ring plain containing >150 km3 of 

volcaniclastic material, characterised by debris-avalanche, mass-flow 

(hyperconcentrated-flow, debris-flow) and fluvial deposits (Fig. 4.1 B; Neall et al., 1986; 

Procter et al., 2009; Zernack et al., 2009). The south-western ring plain provides 

sedimentary records extending back at least 100 kyrs (Neall, 1979; Palmer and Neall, 

1991). At least 14 large collapse events occurred within the lifespan of Taranaki Volcano, 

represented by debris-avalanche deposits within the ring-plain record suggesting one 

major sector collapse or slope failure in every 10-14 ka (Zernack et al., 2011). 

Construction phases in between these collapse events are represented by mass-flow 

deposits interbedded with fluvial, paleosol or peat-dominated sequences, dune sands and 

occasional tephra layers (Palmer and Neall, 1991; Zernack et al., 2009). 
 
 

Fig. 4.1 A: Location map and main tectonical settings of New Zealand outlining the Taranaki Peninsula 
(red dashed rectangle: TP; NASA Earth Observatory). B: Quaternary Geological Map of the south, south- 
western part of the ring-plain of Taranaki Volcano on the TP showing the distribution of volcanic and 
volcaniclastic deposits (LINZ elevation map; modified after Neall, 1979; Neall and Alloway, 2004; 
Alloway et al., 2005) and the coastal region (black bold line) that was examined during this study along 
with the chosen reference sites (stars; S1, S2, S3; find coordinates in Appendix A1). BAF: Block-and-ash 
flow deposits. 
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4.2.1 Time period 65-34 ka 

The stratigraphy of Taranaki Volcano can be divided into two main categories, the 

modern edifice successions and the older ring-plain deposits (Table 4.1; Neall, 1979; 

Neall et al., 1986; Alloway et al., 1995, 2005; Zernack et al., 2009, 2011; Zernack, 2021). 

Studies by Neall (1979), Neall et al. (1986), Gaylord et al. (1993), Neall and Alloway 

(2004) and Procter et al. (2009) provide geological mapping and stratigraphy of mass- 

flow deposits in the ring plain. Recent studies included the identification of 14 large 

debris-avalanche deposits (Zernack et al., 2009), their ages, with associated redefinition 

of their distribution (Zernack et al., 2011). 
 
 

Table 4.1 Stratigraphic overview of the Taranaki ring-plain succession defined by debris avalanche, debris 
flow deposits and other markers (adapted from Zernack, 2021). 14C yrs BP presents radiocarbon years 
before AD1980. Ages (ka) refer to 103 years before present including calibrated radiocarbon dates BP and 
chronostratigraphic estimates. Bars indicate the chronostratigraphic boundaries of deposited Kaitakara and 
Punehu Sands as observed in the ring-plain succession. Dashed lines highlight the stratigraphic position of 
the deposits of this study. 
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rounded shape only occurs if there is no other volcano or mountain present as a natural 

barrier, which can influence the distribution of the deposits (Smith, 1991). 

 
4.4 Methods 

Sedimentological descriptions of mass-flow deposits were conducted examining the 

continuous lateral sequences of coastal cross-sections in the southern and south-western 

sectors of the medial ring-plain (Fig. 4.1 B). Previous mapping of peats, debris-flow and 

debris-avalanche deposits (Table 4.2; Zernack et al., 2011) and their estimated ages 

provided chronostratigraphic control of the studied mass-flow deposits and allowed for 

the identification of unconformities in the coastal cliffs. Field campaigns were also carried 

out in valleys inland, which provided outcrops parallel to the transportational and 

depositional directions. Reference sites were chosen in order to best describe the lateral 

distributions of hyperconcentrated-flow deposits from each growth-phase, namely 

succession 1 (S1), succession 2 (S2) and succession 3 (S3; see locations in Fig. 4.1 B; 

coordinates in Appendix A1). Point counting based on image analysis was used for grain 

size and componentry examination (Appendix A1; 2 photographs / layer; photograph 

dimensions minimum 50 x 50 cm, maximum 1 x 1 m) on specific clast populations of 

hyperconcentrated-flow deposits and the results are expressed in surface % (i.e. surf. %; 

for analysed clast numbers and components see Fig. 4.5). Grain-size determination and 

componentry calculation was obtained using a mm grid on the images. Grain sizes of the 

investigated volcaniclastic clasts were defined using the classification after Wentworth 

(1922). Extrapolated volume measurements were based on the mapped horizontal 

extension of the debris-flow deposits, the average thicknesses and the estimated distance 

from source. The calculated volumes are approximate estimations. 
 
 

Table 4.2 Key markers of the studied time period representing calculated ages from earlier studies (after 
Zernack et al., 2011 and Tinkler, 2013) along with the direction of collapse, calculated volume and runout 
distance. 

 

4.5 Volcaniclastic lithofacies 
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Texturally they consist of fine-pebble to coarse-pebble sized rounded to subrounded 

clasts in a very fine to fine-sand sized clay-rich matrix. 

ChDF (Fig. 4.2 C) deposits are non-graded, lack internal stratification and they often 

have a thin, matrix-supported base (Scott, 1988a; Vallance, 2000; Zernack, 2021). 

Boulders are rounded to angular and may reach diameters of 1 to 3 m. Rounded boulders 

may indicate fluvial origin, whereas angular or sub-angular clasts represent either older 

debris-avalanche material that has been reworked or the deposit can contain ripped-up 

clasts that consist of hyperconcentrated-flow deposits. The sedimentological textures of 

ChDF can vary depending mostly on the paleo-topography and transportation direction: 

(i) Channelized deposits may have a coarse-sand to very fine pebble-sized top division 

that represents the last portion of the flow. Normal grading also occurs in moderately to 

poorly sorted hyperconcentrated-flow deposits (see also Cronin et al., 2000). (ii)  In cross- 

sections parallel to the transportation axis, the texture of the debris-flow deposit may be 

chaotic due to the physical properties of the flow and/or the topography. In this case, the 

texture may display TDF, THF or NSF characteristics. (iii) They may exhibit erosive, 

lenticular shapes in two-dimensions. In a flow-transverse cross-sectional cut, they 

horizontally often grade into thinner, coarse-to-fine-pebble grained deposits that are more 

wide-spread in overbank dimensions. The deposit gets better sorted and becomes finer 

grained with increasing distance from the channel. 



 

 

 

Table 4.3 Categorization of the investigated volcaniclastic mass-flow deposits representing the main sedimentological characteristics, their distinguishing 
criteria with the representative appearance and their interpretation. Note the connection of textures to certain lithologies and physiographic facies. 
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4.6 Physiographic facies 

Physiographic facies are associations that correspond to different physiographic 

factors (i.e. limitations of paleo-topography), which affect the transportation of mass 

flows (i.e. sediment influx rates or water content changes) influencing the depositional 

environment. The term is here used to distinguish three main types that affect the 

sedimentological textures, lateral extensions and geometries of mass-flow deposits (Fig. 

4.3): (i) Sheet [SH] facies association indicates materials deposited broadly on landscapes 

with relatively plain and flat morphology. (ii)  Overbank [OB] facies describes the medial 

parts of channel geometries or runout facies of hyperconcentrated flows. (iii) Channel 

[CH] facies corresponds to proximal parts of channel geometries confining the flows and 

thereby affecting their depositional conditions and structural features of the resulting 

deposits. Moreover, paleosol and peat accumulations are present as interbedded 

associations. Plain facies represents fluvial deposition, whereas shore facies specifies 

near-coast environments with the appearance of aeolian sediments interbedded with 

reworked mass-flow and fluvial deposits. 

 
Fig. 4.3 Two-dimensional cross-section in a flow-perpendicular cut illustrating the physiographic facies as 
observed on the field. Note that the schematic focuses on a channelization for demonstrative purposes. 
Arrows indicate the direction of the transportation of volcaniclastic mass-flow deposits and their deposition. 

 

Observed physiographic facies are linked to the examined lithofacies in Table 4.3. In 

general, iGHF/GHF and MHF lithofacies distributions are laterally traceable in sheet 

physiographic conditions for kilometres and their textures often show transitions between 

each other. Complex DiFS lithofacies are common in every physiographic environment. 

Additionally, THF lithofacies seem to be connected to physiographic facies change, i.e. 

channel to overbank or from overbank to sheet. Therefore, this lithofacies can be observed 

in every facies similarly to DiSF. These repeated facies changes result in the observed 

chaotic transitional textures. THF deposits are horizontally variable and can transform 

into DiSF with distance from channels or into MHF or iGHF/GHF from overbank to sheet 
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physiographic facies. nCDF deposits probably were not formed by channelization, but 

rather developed due to varying water/sediment ratios during the passage of the flow. 

These conditions allowed them to appear in overbank to sheet physiographic facies, 

whereas CDF deposits stratigraphically appear beneath debris-avalanche or debris-flow 

deposits and show connection to channel topographies, where tBHF/cBHF and ChDF 

deposits similarly occur. 

 
4.7 Lithology 

Observed volcanic rocks were classified by their lithological characteristics and by 

their occurrence in the deposits. The described petrofacies assemblages are introduced in 

Table 4.4 and are connected to the investigated lithofacies in Table 4.3. Macroscopically 

observed colour differences were considered as possible deviation in composition and/or 

in density. Lithological components were defined as the following: white, grey or yellow 

pumiceous clasts and red or black coloured scoriaceous clasts (vesicular volcanic 

fragments) as recycled juveniles (White and Houghton, 2006); black, dark grey and grey 

lava rock fragments (dense nonvesicular fragments) and black, dark grey and grey glassy 

volcanic fragments as lithics (White and Houghton, 2006). In addition, accidental 

lithoclasts and individually occurring crystals (amphibole and pyroxene phenocrysts) 

have also been identified within the matrix of the mass-flow deposits. 

 
4.7.1 Petrofacies classification 

Lithic-dominated lithology (L) corresponds to mainly dense and glassy, angular to 

subangular lava rock fragments, dome rock fragments and scoriaceous clasts (>50%) with 

c. 5-25% abundance of pumiceous clasts (Table 4.4 A). Dominant dense lithics are grey 

or dark grey in colour. Red colour also occurs in minority for scoriaceous assemblages. 

Pumice clasts are vesicular or microvesicular appearing mainly in white, grey and rarely 

in yellow colour. 

Pumice-dominated monolithologic petrofacies (monoP) contains pumice clasts (>70 

%) that are rounded or subrounded in shape (Table 4.4 B). Occasionally occurring red 

scoria and accidental lithoclasts may be present. Pumice clasts are generally fresh to 

moderately weathered. Their colour is mainly white and grey or yellow. The lithology is 

further comprised of medium-to-coarse lapilli  sized scoria or pumice bombs (after Fisher, 

1961), often having a breadcrust appearance. 
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Polylithologic petrofacies (polyL) exhibits clasts that can be subdivided into scoria, 

dome and lava rock fragments, glassy volcanic fragments, accidental lithoclasts (5-25%) 

and rarely pumiceous clasts (<5%). The components exhibit at least three colours (black, 

grey, red) that share the same size and shape patterns (Table 4.4 C). 

Lithic- and pumice-dominated petrofacies (LP) is mainly composed of scoriaceous and 

pumiceous lithologies (>50%). They are recognizable in overbank and rarely in sheet 

lithofacies in the coastal successions. The majority of clasts are rounded pumices and 

mainly dark grey and black coloured scoria and occasionally rounded to sub-rounded lava 

rock fragments with differing vesicularity. Red coloured scoria may occur rarely. Lithic- 

and pumice-dominated debris flow deposits (LPDF) are compositionally similar to LPHF 

deposits but differ in texture. The main lithologies are pumice, black scoria and dark grey 

lava rocks. Pumice clasts range from coarse-sand to small-pebble size, whereas scoria 

and lava rocks are small-to-medium pebble sized (Table 4.4 D). Both lithologies are 

rounded, rarely subrounded in shape. Minor amounts of accidental lithoclasts or red 

coloured, vesicular scoria may occur. The matrix contains high amounts of clay and sand. 

Stratigraphically, this lithology usually appears below debris-avalanche or debris-flow 

deposits. 

The sand-dominated lithology (S; Table 4.4 E) comprises major amounts of sand 

(>50%) with commonly occurring lithoclasts (>5%) and occasional pumiceous fragments 

(5-10%). The lithoclasts are subangular, whereas pumice clasts are rounded to 

subrounded in shape. 



 

 

 

Table 4.4 Petrofacies description and classification criteria of the observed medial volcaniclastic mass-flow deposits. Pictures representing the general appearance of 
lithologies. A: lithic-dominated; L, ruler for scale: 17 cm. B: pumice-dominated monolithologic; monoP, hammer for scale: 25 cm; C: polylithologic; polyL , person for 
scale: 170 cm. D: lithic and pumice-dominated, LP. E: sandy, S, ruler for scale: 10 cm. Semi-quantitative threshold value based on the point counting method calculations 
on the images for estimating componentry in surface %. 
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Correlating individual flow units using traditional chronostratigraphic techniques was 

entirely impractical in channel and overbank settings. Therefore, the developed 

sedimentological, lithological and facies classification highlights the connection between 

the three main factors that define medial (<30 km from vent) mass-flow generation, 

transportation and deposition: (i) the occurrence of certain sedimentological textures (that 

mirror transportation processes), (ii) comprised clast lithologies (which point out origin 

relationships) and (iii)  physiographic facies conditions (defining particular 

transportational and depositional physiography-limitations). 

Considering the three factors and their dependence on each other, mass-flow deposit 

features were placed into a matrix representing their linkage in parameter space. Thus, 

mass-flow deposit characteristics were able to be classified in relation to their origin due 

to the groups they created (Fig. 4.6). 
 
 

Fig. 4.6 Schematic matrix in parameter space outlining the connection between the three main factors that 
define the studied volcaniclastic deposits: (1) sedimentary texture; (2) petrofacies and (3) physiographic 
facies. Shaded areas represent the combination of the parameters observed in the coastal successions of the 
Taranaki ring plain. White areas indicate factor combinations that were not observed on the field. Dashed 
lines indicate the boundaries of the physiographic facies, whereas thick black lines the boundaries of the 
petrofacies and thin black lines the boundaries of the sedimentary textures, respectively. The form of the 
shaded areas is for illustrative purposes and only indicate the connection between the three main parameters. 
Based on the linkage of the factors, deposits can be interpreted as rapidly remobilised or other secondary 
deposits. 
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4.4), supporting the idea that syn-eruptive volcanic materials are able to get remobilised 

relatively fast after volcanic activity with the interaction of water. 

Pumice-dominated monolithologic hyperconcentrated flows and lithic- and pumice- 

dominated debris flows deposited channel lithofacies with bedded or cohesive textures 

(using the coding system, the former is termed tBHF[CH]monoP and the latter 

CDF[CH]LP). The former deposits are characterised by enrichment in pumice clasts with 

high amounts of pumiceous breadcrust bombs. The latter display a unique assemblage of 

lithologies of pumice and volcanic lithics in a clay-rich matrix. Both deposits have a high 

amount of sandy matrix and are confined to channels. Despite the wide distribution of 

lithic-dominated deposits, pumice-dominated monolithologic hyperconcentrated-flow 

deposits were found mostly in channel facies or close to channels. Their mapped lateral 

extent was a few hundred meters on average indicating relatively confined conditions. 

Pumice-clast characteristics are similar to those found in lithic-dominated deposits, i.e. 

grey colours dominate, with rare yellow clasts. Macroscopically, tBHF[CH]monoP 

deposits represent explosive eruption products that were remobilised from tephra falls or 

from PDCs accompanying sub-Plinian eruptions (Pierson and Scott, 1985; Scott, 1988b; 

Cronin et al., 1997; Waythomas and Miller,1999; Zanchetta et al., 2004; Major et al., 

2005). This is corroborated by the large number of breadcrust bombs found in these 

deposits, which also suggest immediately remobilised origin. Moreover, pumice-rich 

beds suggest direct or indirect relations to pumice-forming eruptions, where PDC deposits 

are subsequently mobilized into debris flow, then to hyperconcentrated flows in valleys 

confining the deposits (Pierson, 1986; Major and Iverson, 1999; Cronin et al., 2000a, b). 

 
Other secondary deposits 

Polylithologic deposits occur in all lithofacies representing diverse sedimentological 

conditions. Mixed lithologies correspond to secondary origins. Furthermore, deposits that 

contain these lithologies often transform into transitional textures and cannot be traced 

laterally. The transitional (T) and dilute (Di) textures in most cases indicate runout facies 

of mass-flows reaching medial distance from the source and thus, their origin cannot be 

determined. Voluminous, erosive debris-flow events producing ChDF deposits may 

originate from dome or flank collapse events, which were confined to paleoriver- 

channels, where they transformed into poorly to extremely-poorly sorted, clast-supported 

deposits with low amounts of sandy matrix. The erosive nature of confined ChDF is also 
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are interpreted as representing alternating processes of small-scale eruptive or effusive 

activity (i.e. cone regrowth), frequent sedimentation and quiescence. The Lizzie Bell 

Paleochannel System indicates a confined debris-flow deposit (Lizzie Bell DFD; Fig. 4.7) 

that may be linked to a small-scale flank collapse event. After these sequences of deposits, 

the same pattern that was previously observed in the Otakeho growth phase is 

recognizable as alternating layers of widely distributed hyperconcentrated-flow deposits 

and soils representing eruptive and quiescent periods. A possible hiatus in the stratigraphy 

is suspected, indicated by the emplacement of the Rama DAD, which is not present above 

deposits at Lizzie Bell Paleochannel. The growth phase is followed by the collapse event 

producing the Rama DAD, distributed to the south (Zernack et al., 2011). 

 
Te Namu Volcanic Cycle 

This growth phase is characterised by several chaotic, uncorrelatable THF and TDF 

textured deposits often interbedded with fluvial deposits or tephric soils. Peat 

accumulation is present in the south-western coastal cliffs, but their distribution is 

scattered. This is followed by several THF deposits and the Taungatara paleochannel, 

which was filled by several minor debris flows followed by the major mass-flow event 

producing the Taungatara debris-flow deposit (Fig. 4.7). Minor channelization of mass- 

flow deposits on the WSW ring plain is characteristic for this time period. Following the 

paleochannel filling, several widely distributed hyperconcentrated-flow deposits were 

emplaced. Above these sequences, the Ihaia debris-flow deposit is found overlain by 

Hihiwera Peat in the WSW sector. This was followed by the complex filling of the 

Opunake paleochannel system. Fluvial reworking in the WSW occurred prior to the 

collapse event that produced the Te Namu DAD and completed this volcanic cycle. 
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CHAPTER 5 
 

THE ROLE OF EDIFICE LOAD ON ANDESITIC MAGMA GENERATION BY  
MELT -MUSH MIXING AT TARANAKI  VOLCANO, NEW ZEALAND  

 
 

This chapter is going to be submitted to the Journal of Petrology as: 
Aliz Zemeny, Georg F. Zellmer, Teresa Ubide, Ian E.M. Smith, Jonathan Procter, Al- 

Tamini Tapu, Anke V. Zernack (2021) The role of edifice load on andesitic 
magma generation by melt-mush mixing at Taranaki Volcano, New Zealand 

 
 

Supplementary Data for this Chapter can be found in Appendix B. 
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cores (Fig. 5.3). Further, GP2 unit plagioclase cores mainly group into two trends: (a) 

An50-65 and (b) An80-91, respectively (Fig. 5.3). 
 
 

Fig. 5.2 A: Representative BSE image of an antecrystic, patchy zoned, resorbed plagioclase crystal (from 
GP2; sample LB LHF5-6; crystal PlE) interconnected with a glomerocryst consisting of titanomagnetite 
and clinopyroxene in a moderately vesicular microcrystalline groundmass. B: Glomerocryst consisting of 
clinopyroxene, plagioclase and titanomagnetite (from GP1; sample KAUHF10-3) emplaced within a 
moderately vesicular microcrystalline groundmass. C: Clinopyroxene antecryst exhibiting resorption 
surfaces and titanomagnetite inclusions (from GP2; LBLHF2-10 16b, crystal PxA). Gm: groundmass; Pl: 
plagioclase; Cpx: clinopyroxene; Tm: titanomagnetite. 

 

Clinopyroxene 

Clinopyroxenes of the GP units are dominated by augites and diopsides, with only two 

rims showing ferroaugite composition (Fig. 5.4.). In general, compositions of analysed 

cores and rims display a range of Wo25-50En16-51Fs10-46. The most magnesian contents 

(En49-51) are present in rims of low-silica trachy-basaltic samples. The most ferrous 

compositions (Fs15-46) appear in two rims of GP3 crystals. There are two clusters within 

the augite group of GP1. In general, GP1 cores and rims exhibit more dominant diopsidic 

compositions than those of GP2 and GP3. 
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Fig. 5.3 Plagioclase core and rim compositions of the sampled Taranaki eruptives. 
 
 

GP2 pyroxene rim contents display slightly broader values than those of GP1, of 

which pyroxenes partly are low-Ca augites (Fig. 5.4). 
 
 

Fig. 5.4 Pyroxene compositional classification of the selected Taranaki eruptives. 
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Fig. 5.6 Major element variation diagrams as a function of SiO2 abundance (wt.%) for the analysed volcanic 
rocks of the Taranaki samples. 

 
Trace element variability in comparison with SiO2 is illustrated in Fig. 5.7. Again, 

showing three different variation patterns: 

(i) Vanadium versus SiO2 has GP1 and GP2 plotting together, separately from 

GP3. Further, GP2 values are scattered, representing the widest range of 

vanadium abundance (Fig. 5.7). In general, vanadium abundances are 

negatively correlated with SiO2 contents. 

(ii)  Scandium, Zr and Rb vs. SiO2 have GP2 and GP3 values clustering together, 

distinct from GP1. Zr abundances increase systematically with increasing 

SiO2 content, with variation in these elements similar to that shown by K2O. 

Hence, Zr values of GP2 and GP3 scatter at low (<53 wt.%) and high (>55 

wt.%) SiO2, respectively. Abundance variability of Sc displays a systematic 

decrease with increasing SiO2, like the pattern shown by MgO, TiO2 and FeO. 

GP1 values of Sc at less than 53 wt.% SiO2 are scattered, producing a negative 

linear trend (Fig. 5.7). 
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Fig. 5.7 Trace element variability (ppm) vs SiO2 content (wt.%) of the sampled volcanic rocks from the GP 
units. 
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to this limitation, the time-dependent geochemical variability of this growth-phase cannot 

be determined. In contrast, GP2 and GP3 units offer several mass-flow sequences with 

interbedded paleosol accumulations providing an opportunity to examine the magmatic 

evolution during these periods of edifice growth in detail. Geochemical variation of the 

GP units in relation to the stratigraphy is presented in Fig. 5.9. On the basis of the 

geochemical variations (Section 6.3), the stratigraphically questionable mass-flow 

packages and their clast compositions have been assigned to GP2 (see question mark next 

to the mass-flow packages in the stratigraphic explanation in Fig. 5.9), thus are considered 

as older deposits than the Rama debris-avalanche deposits (DAD; ~40 ka; Fig. 5.9). 

Chemo-stratigraphic variability of the three studied growth-phases provides insights into 

the temporal changes in the magmatic evolution of the Taranaki volcanic system 

throughout several phases of edifice growth. 

In general, there are significant differences between the GP units considering the 

temporal chemical variation of some elements. While GP1 displays the most primitive 

silica contents, all of the GP units have a variable range in SiO2 wt.%. The chemical range 

of silica in the case of GP1 and GP2 increases throughout the strata, i.e. eruptives display 

more primitive and more evolved whole-rock compositions over time. GP3 overall shows 

a slight increase in SiO2 wt.% over time (Fig. 5.9). In general, MgO and CaO, Fe2O3 (not 

shown) display the opposite patterns to those of the silica, while K2O and total alkalis 

(not shown) mirror similar patterns. Al2O3 and Na2O (not shown), the major oxides that 

are strongly partitioned into feldspars, exhibit dissimilar patterns to those of silica, with 

a remarkable difference in their concentration between GP1 and GP2/GP3 units (Fig. 

5.9). The average Al2O3 contents of GP2 increase slightly, whereas as of GP3 decreases 

slightly over time. Incompatible trace elements such as Rb and Zr, REEs (not shown), 

display similar patterns to those in silica. Strontium and Ba (not shown), which partition 

strongly into feldspars, show a mirror image to the pattern of the SiO2 and K2O contents. 

Mg# of clinopyroxene rims in GP3 displays more mafic compositions, whereas in GP2 

the Mg# range of cores and/or rims displays little variability. Anorthite contents of the 

plagioclase cores and rims exhibit broad, variable ranges. However, there is no particular 

link between stratigraphic position and Mg# or An content variability. Deposits display a 

shift to more primitive or evolved compositions following periods of quiescence as 

indicated by paleosol layers, however there is no link between chemical variability and 

breaks in volcanic activity. 
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Fig. 5.10 Mixing modelling results of the GP sample suites represented by major element Harker diagrams. 
Red hexagon indicates the melt compositions, whereas white star represents the assimilant compositions in 
each plot. Dashed lines exhibit the mixing lines calculated by equations obtained from Powell (1984) and 
Ersoy and Helvaci (2010). Blue field represents amphibole compositions, orange field clinopyroxene 
compositions and green field plagioclase compositions. The grey shaded area highlights the Median 
Batholith compositions (gabbro, gabbro-diorite and diorite data from Mortimer et al., 1997; Price et al., 
2011). Results are represented as the function of K2O for better illustrative purposes. 

 

Variable mixing proportions are seen within individual growth cycles, resulting in 

compositionally distinct volcanic rock suites. This is best shown by GP1 (GP1, Fig. 5.10), 

where whole-rock compositions display the most primitive compositions (Fig. 5.6, 7), 

leading to the conclusion that within the growth cycle GP1 (65-55 ka), the mush:melt 


































































































































































































































































