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Abstract

The estimation of hazard arising from volcanic eruptions is a research topic of great interest to
New Zealand, given the number and location of active and dormant volcanoes. Probabilistic
temporal models are required to handle the stochastic nature of observed records. Such
models are usually assembled using point process techniques or renewal theory and most are
purely temporal in the sense that they only consider the distribution of event or inter-event
times as predictors of further volcanic activity. I demonstrate using a high-resolution eruption
record from Mt Taranaki (New Zealand) how geochemical data can be incorporated, using
a proportional hazards type approach, to improve the performance of current renewal-type

models.

Probabilistic forecasting relies on the accuracy and completeness of historical eruption records.
This poses the question of how to establish a detailed record of past volcanic events. Multiple
sites are needed to build a composite tephra record, but correctly merging them by recog-
nizing events in common and site-specific gaps remains complex. I present an automated
procedure for matching tephra sequences, using stochastic local optimization techniques. Im-
plausible matches are eliminated through careful reasoning, while heuristically searching over
the remaining alternatives. Possible matches are verified using known tephra compositions
and stratigraphic constraints. The method is applied to match tephra records from five long
sediment cores in Auckland, New Zealand. The correlated record compiled is statistically

more likely than previously published arrangements from this area.

In addition to the matching of tephras found in the Auckland region, the algorithm is ap-
plied to stratigraphic records obtained from Mt Taranaki. With more detailed geochemical
information available, matches are constrained further by considering principle component

analysis of titanomagnetite compositional data.

Finally, after combining the amalgamated record of Mt Taranaki events with point thickness
measurements, the eruptive volume of Mt Taranaki events is estimated. Utilizing isopach
maps and individual point observations a model is formulated, in a Bayesian framework, for
the thicknesses of tephra deposits as a function of the distance and angular direction of each
location. The model estimates, in addition to eruptive volume, the wind and site-specific
effects on the thickness deposits. The findings lead on to methods of incorporating eruptive

volumes in hazard estimation.
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Mt Taranaki. View from the North Egmont Visitor Center, April 2012.



Acknowledgements

First and foremost, I would like to give my sincere thanks to my primary supervisor Professor
Mark Bebbington for his invaluable guidance and support during this entire research process.
Without his time and care this PhD would not have been as successful. I started this PhD
journey with limited knowledge of volcanology and Mark has been exceedingly patient as I
explore this new field. I have enjoyed working under his supervision. His confidence in my
ability and encouragement throughout the whole PhD process has made this experience very

rewarding.

I am also very grateful to my co-supervisors Professor Shane Cronin and Associate Professor
Geoff Jones. Shane has helped with interpreting many exciting results and has shown interest
in my work even during the more ‘statistical’ supervision meetings. Shane has greatly assisted
in developing my understanding of volcanology, for which I am very thankful. I also wish
to express my thanks to Geoff, whose input has strengthened many aspects of this research.
His attention to detail and his critical eye has enhanced the finer details of this PhD while
his statistical expertise has resulted in many improvements to the more theoretical aspects
of this research. As FEinstein once said “it is the supreme art of the teacher to awaken joy in
creative expression and knowledge.” Mark, Shane and Geoff have succeeded in creating an
intellectually stimulating environment, and it has been a very enriching experience working

with such a spectacular supervisory team.

I want to acknowledge all those who have provided insightful comments on my research or
otherwise helped me throughout my PhD. I recognize that this research would not have been
possible without the financial assistance of a Massey University Doctoral Scholarship. I also
give thanks to the postgraduate statistics students who have accompanied me throughout
this journey; their friendships have been invaluable. My special thanks goes to Emily Kawa-
bata. We have had many fruitful discussions which I have benefitted from. It has been fun
discovering statistical volcanology with Emily, and I have enjoyed being able to exchange
knowledge while curiously awaiting results together. I would like to give special mention to
Dr Jonathan Godfrey whose support with many aspects of university has been a great help.
I have gained a lot from his enthusiasm and willingness to teach. His approachability and

encouragement has seen him act as another informal supervisor and mentor.

I would also like to give a very special thanks to my partner Leigh whose hope, optimism and

humor have been a virtue throughout this roller coaster of a PhD. Lastly, I give the greatest



thanks to my family whose love and support has known no bounds. To my sister Kim whose
encouragement and company has been an immense help; and to my parents whose lifelong

support and advice has helped me to achieve so many of my goals. xx



Publications arising from this thesis

e Green, R., Bebbington, M., Cronin, S., and Jones, G. (2013). Geochemical precursors
for eruption repose length. Geophysical Journal International, 193:855-873.

e Green, R., Bebbington, M., Cronin, S., and Jones, G. (2014). Automated statistical
matching of multiple tephra records exemplified using five long maar sequences younger

than 75 ka, Auckland, New Zealand. Quaternary Research, 82(2):405-419.

vii






Contents

Abstract

Acknowledgements

Publications arising from this thesis

List of Figures

List of Tables

1 Introduction
1.1 Motivation . . . . . . . .
1.2 Objectives and thesis structure . . . . . . . .. ... oL

2 Statistical volcanology background

2.1 Imtroduction . . . . . . . . .. e
2.2 Data . . . .
2.2.1 Defining an eruption . . . . . . . .. ... e
2.2.2 Historical vs geological records . . . . . . . . ... ... ... .....
2.2.3 Nomenclature . . . . . . . . ... L
2.2.4 Ageestimation . . . . . . .. ... e
2.2.5 Data complexities . . . . . . ...
2.2.6  Statistical methods of correlating tephra records . . . . . .. ... ..
2.3 Modeling eruption occurrence . . . . . . . . .. ..o e e e e
2.3.1 Notation . . . . . . . . .
2.3.2 PoiSSON Process . . . . . . . .o e e e
2.3.3 Renewal process . . . . . . . . ..
2.3.4 Goodness-of-fit tests . . . . . ... L L
2.3.5 Time-varying behavior . . . . . . . . ... .. oo
2.3.6 Time and size predictable models . . . . . . . ... ... ... .....
2.4 Methods of estimating eruptive volumes . . . . . . . ... ... ... .....
2.4.1 Exponential thinning . . . . . .. .. ... o oo
2.4.2 Power-law relationship . . . . . . .. ... oo
2.4.3 Weibull function . . . .. .. ..
244 Useofisopachdata. . . . .. .. ... ... ... .. .. ... .....
2.4.5 Fully statistical approaches . . . . . . ... ... ... ... .. ...
2.5 SUMMATY . . . . . Lo e

X

iii

vii

xiii

xvii

t

© © © 3V



X Contents

3 Incorporating ancillary geochemical data into probabilistic hazard estima-

tion 49
3.1 Introduction . . . . . . . . ..o 49
3.2 Data: Mt Taranaki eruption record . . . . . . . . . . ... ... ... .. 52
3.3 Methods: Probabilistic eruption forecasting . . . . .. .. .. ... ... ... 57
3.3.1 Renewal models . .. ... .. ... ... 57
3.3.2 Proportional hazards . . . . . . ... ... Lo Lo 59
3.3.3 Model fitting and selection . . . . . ... ..., 60

3.4 Results. . . . . . e 62
3.4.1 Baselinemodels. . . . ... ... 63
3.4.2 Proportional hazard models . . . . . . . ... ... ... ... ..... 64
3.4.3 Sensitivity analyses . . . . . . ... L oL 66
344 Goodnessof it . . . . .. .. 69
3.4.5 Hazard forecasts . . . . . . . . . ... 69

3.5 Discussion . . . . . .. e 71
3.6 Conclusions . . . . . . . . . . 74
4 Automated statistical matching of multiple tephra records 77
4.1 Introduction . . . . . . . . . . . e 77
4.2 Auckland Volcanic Field data . . . . . ... ... ... ... ... ... ... 79
4.2.1 Reconciliation with original data . . . . . . .. .. .. .. ... 81
4.2.2 Sedimentation rates and age estimation . . . ... .. ... ... ... 82

4.3 Stochastic local search . . . . . . .. .. Lo 86
4.3.1 Feasible candidate matches . . . . . . ... ... ... . .. 87
4.3.2 Search constraints . . . . .. ... Lo Lo oo 87
4.3.3 Initial configuration . . . . .. .. ... Lo 88
4.3.4 Simulated Annealing . . . . .. ... Lo 88
4.3.5 Tabu Search . . . . ... .. .. 89
4.3.6 Objective function . . . . . .. .. ... Lo 90

4.4 Results. . . . . . o 93
4.5 Discussion . . . . . .. e 102
4.5.1 Validation of the non-linearity constant . . . . . . .. ... ... ... 102
4.5.2 Implications for detecting tephras in maars . . . . .. ... ... ... 103
4.5.3 Quantifying the variability in observance probabilities . . . . . . . .. 104
4.5.4 Implications for hazard from distal volcanic centers . . . . . . . . . .. 107
4.5.5 Implications for hazard from the AVF . . . . ... ... ... ..... 107
4.5.6 Limitations and extensions of the methodology . . . . . .. ... ... 108

4.6 Conclusions . . . . . . . . L 109
5 Bayesian estimation of eruptive volumes 111
5.1 Introduction . . . . . . . . . . . e 111
5.2 Mt Taranaki event records . . . . . . . . . . . ... 114
5.2.1 Tephra records from unexposed locations . . . . ... ... ... ... 115
5.2.2 Tephra records from exposed locations . . . . . . . .. ... ... ... 118

5.3 Model development . . . . . . ... 120
5.4 Bayesian implementation . . . . .. ... .o 125
5.4.1 Construction of priors . . . . . . .. ... 127

5.4.2 Estimating parameter values for named tephras . . . . . .. ... ... 127



Contents xi

5.4.3  Specification of priors for the site-specific effects a; . . . . . . ... .. 129
5.4.4 Specification of priors for the eruptive volumes V; . . . . . . ... ... 131
5.4.5 Specification of priors for the wind directional parameters ¢1;, ¢o; . . . 132
5.4.6  Specification of priors for the shape parameters aq;, ao;, 51; and [B9; . . 134

5.4.7 Specification of priors for the remaining event dependent parameters c;
and d; . ... . L e 134
5.5 Results. . . . . . . e 135
5.6 Sensitivity analyses . . . . . . .. L L 142
5.6.1 Prior distribution for thickness precision . . . . . . .. ... ... ... 142
5.6.2 Prior probability of two lobes . . . . . . . ... o000 144
5.6.3 Setting =48 . . . . ... 146
5.6.4 Inflating the prior distribution for volume . . . . . . . ... ... ... 147
5.6.5 Reference prior distributions forcandd . . . . . . ... ... 148
5.6.6 Circular contours . . . . . . . . . . . ... 149
5.7 Discussion . . . . . . .. e e e 151
5.7.1 Implications for hazard models . . . . . . . . .. ... ... ...... 152
5.7.2 Data and model limitations . . . . . ... .. ... ... ... ... 155
5.8 Conclusions . . . . . . . . e e 158
6 Conclusions and future research directions 159
6.1 Conclusions . . . . . . . . . . . e 159
6.2 Suggestions for future research . . . . . .. ... ... L L. 162
Bibliography 166
A Data used in Chapter 3 181
B Matlab code to accompany Chapter 3 187
B.1 Matlab code to impute geochemical data . . . . . . .. .. .. ... ... ... 187
B.2 Matlab code to fit proportional hazard models . . . . . . .. ... ... ... 191
C Matlab code, functions, and data to accompany Chapter 4 201
C.1 Matlab code to estimate the age of each tephra . . . . . . . .. ... ... .. 201
C.2 Matlab code for the tephra matching algorithm . . . . . ... ... ... ... 203
C.3 Functions required to run the Matlabcode . . . . . . . . . ... ... ..... 208
D Data used in Chapter 5 219
E WinBUGS code to accompany Chapter 5 225

F Statement of contribution to doctoral thesis containing publications 229






List of Figures

2.1

2.2

2.3

24

2.5

2.6

2.7

2.8

2.9

2.10

2.11

3.1
3.2

3.3

Example calibrations of two C!'4 age estimates. Plots obtained using CALIB
7.0 (Stuiver et al., 2013) and the INTCALI13 calibration curve (Reimer et al.,
2013). Vertical axes show the normally distributed C'* age estimates and
horizontal axes show the calibrated/calendar age distributions. . . . . . . ..
Plot of the radiocarbon age versus depth model (mm) for tephra layers in the
sediment core from Lake Umutekai (inset location maps of: (a) North Island
of New Zealand and (b) Taranaki). The core stratigraphy is displayed at the
top of the plot with white-layers representing tephra deposits. The locations of
radiocarbon dated layers are indicated by stars. Reprinted from Turner et al.
(2008a), with kind permission from Springer Science and Business Media . . .
Comparison between records from (a) unexposed and (b) exposed locations.
Photos courtesy of Shane Cronin. . . . . . . ... .. .. ... ... ... ..
Geochemistry of two Lake Rotokare tephras (R9 and R10) and two Lake
Umutekai tephras (U7 and U8) from Turner et al. (2009). . . . ... ... ..
Diagrammatic representation of the sequence of events. . . . . . ... .. ..
Density functions and estimated parameter values for a range of different dis-
tributions fitted to the inter-event times of (a) Mt Ruapehu and (b) Mt Ngau-
ruhoe eruptions. . . . . .. L L. e
Kolmogorov-Smirnov test for stationarity of the eruption records for (A) Mt
Ruapehu and (B) Mt Ngauruhoe. Stationary eruption rate in blue with 95%
confidence bands inred. . . . . . . . . . .. ... ..
(A) Stationarity and (B) exponential inter-event diagnostic plots for the Mt
Ngauruhoe record. Centerline in blue with 95% confidence bands in red. . . .
Linear regression analysis of the inter-event times versus the eruptive volumes
of Mt Etna flank and summit eruptions (Sandri et al., 2005). Solid lines rep-
resent the fitted regression equations, dashed lines represent 95% confidence
levels. . . . . e
Isopach map for the Inglewood Tephra. Isopachs in centimeters. Reprinted
from Alloway et al. (1995), with kind permission from Taylor and Francis. . .
Semilog plots of thickness versus square root of isopach area for (A) Mount St
Helens 1980 and (B) Ruapehu 1996. Comparisons between best fit exponential,

Weibull, and power law models obtained using AshCalc (Daggitt et al., 2014).

Map showing the location of Lake Umutekai and Lake Rotokare . . . . . . ..
Observed tephra thicknesses versus previous and subsequent repose periods.
Lake Umutekai (black), Lake Rotokare (blue), and Near-source (red). p denotes
spearman rank correlations. . . . . . .. .. L.
Event ages in the single-source and multi-source records. Bands indicate 2
standard error limits on theages. . . . . . . . . . ... ... .. ... ... ..

xiii

13

13

16

19

20

27

29

31

36

38

43

o1

93



Xiv

List of Figures

3.4

3.5

3.6

3.7

3.8

3.9

3.10

3.11

3.12

4.1

4.2

4.3
4.4

4.5

4.6

Evolution of geochemical covariates for the single-source record. The correla-
tions can be found in Table 3.1. . . . . . . . ... ... . oL 56
Evolution of geochemical covariates for the multi-source record. The correla-
tions can be found in Table 3.1. . . . . . . . ... ... L. 56
Mean eruption age (black) and sampled event ages (grey). (A) Single-source
data, (B) Multi-source data. . . . . . . ... ... 63
Density functions for a range of different distributions fitted to the sampled
inter-event times of 100 Monte Carlo runs. (A) Single-source data, (B) Multi-
source data. . . . .. .o o e 65
Stationarity (A) and exponential inter-event (B) diagnostic plots for the single-
source record. The dotted lines are the piecewise 95% confidence limits; all
100 Monte Carlo sequences are contained within them. . . . . . ... ... .. 70
Stationarity (A) and exponential inter-event (B) diagnostic plots for the multi-
source record. The dotted lines are the piecewise 95% confidence limits; all
but two of the 100 Monte Carlo sequences (i.e., not a significant number) are
contained within the stationarity limits, all 100 are within the exponential limits. 70
Current estimated hazard (A) and distribution of time to next eruption (B),
based on the multi-source record. . . . . . . . . ... L. 71
Difference in cumulative log-likelihood values for each repose (single source
data) under the proportional hazards and baseline renewal models. (A) Expo-
nential baseline, (B) Weibull baseline, (C) Mixture of Weibulls baseline. . . . 72
Difference in cumulative log-likelihood values for each repose (multi-source
data) under the proportional hazards and baseline renewal models. (A) Expo-
nential baseline, (B) Weibull baseline, (C) Mixture of Weibulls baseline. . . . 73

Volcanic geological map of the Auckland Volcanic field, North Island, New
Zealand, adapted from Kermode (1992), showing named volcanic centers and
the major lithologies (general physical characteristics) of eruptives. Coring
sites for volcanic ash layers are located at: Lake Pupuke, Hopua, Orakei Basin,
Onepoto Basin and Pukaki (indicated by stars). Reprinted from Bebbington
and Cronin (2011) Spatio-temporal hazard estimation in the Auckland Volcanic
Field, New Zealand, with a new event-order model. Bull Volcanol 73: 55-
72 (©2010 Springer-Verlag, with kind permission from Springer Science and
Business Media. . . . . . . ... L 80
Sedimentation rates after subtracting tephra thicknesses. Abbreviations for
the tephra names are given in Table 4.1. . . . . . . . .. ... ... ... ... 84
Description of the local search algorithm. . . . . ... .. ... ... ..... 92
Stratigraphy of post-29 cal ka BP tephra layers. Dotted lines show the tephra
correlations from Molloy et al. (2009). Dashed lines show the correlations
returned by the automated procedure when the non-linearity constant defined
in (4.3) equals 0.5 ka. Solid lines show correlations consistent between the
arrangement obtained using the automated procedure and that of Molloy et al.
(2009). . . . 96
Stratigraphy of pre-29 cal ka BP tephra layers. Dotted lines show the tephra
correlations from Molloy et al. (2009). Dashed lines show the correlations
returned by the automated procedure when the non-linearity constant defined
in (4.3) equals 0.5 ka. Solid lines show correlations consistent between the
arrangement obtained using the automated procedure and that of Molloy et al.
(2009). . .. 97
Plot of the changes in AIC over the duration of the heuristic optimization. . . 98



List of Figures XV

4.7

4.8

4.9
4.10

5.1

5.2

5.3

5.4

9.5

5.6

5.7

5.8

5.9

5.10

5.11

5.12

Stratigraphy of tephra layers found between the Okareka and Oruanui marker
horizons. Dotted lines show the tephra correlations from Molloy et al. (2009).
Dashed lines show the correlations returned by the automated procedure when
the non-linearity constant defined in (4.3) equals 0.5 or 0.7 ka. Solid lines show
correlations consistent between the arrangement obtained using the automated
procedure and that of Molloy et al. (2009). . . . .. ... ... ... ..... 99
Estimated ages for the tephras recovered between the Poihipi and Maketu
marker horizons in the Lake Pupuke sediment core. Circles denote the es-
timated mean ages obtained through linear interpolation. The dotted lines,
dot-dashed lines, and dashed lines shows the 20 bands for these estimates ob-
tained using (4.3) where ¢ = 0.3,0.5 and 0.7 ka respectively. The error bars
show the age ranges from Nilsson et al. (2011) associated with this segment of
therecord. . . . . . . . L 102
Boxplots for the andesitic tephra thicknesses. . . . . . . ... ... ... ... 104
Tephra thicknesses observed at each of the locations; p denotes the Spearman
rank correlations between the observed thicknesses. . . . . . . ... ... ... 105

Location map of Taranaki. Locations mentioned in the text are indicated by
numbers. The triangle denotes the position of the vent. . . . . . . . ... .. 114
Comparison of exposed and unexposed locations. . . . .. . ... ... .... 115
Geochemistry of tephras aged 5500 - 6000 cal yr BP. Labels indicate the source
(Lake Umutekai (Um), Lake Rotokare (Ro), and Eltham swamp (El)) and the
number for each of the tephras. . . . . . . ... ... ... ... ... .. ... 118
Diagrammatic representation of the angular directions. Rhoades et al. (2002)
specify 0 as the angular direction from the center of the deposit. The param-
eterization proposed makes the replacement 0 = 6; — ¢;, see text for details. . 123
Isopach map for the Inglewood Tephra. Isopachs in centimeters. Reprinted
from Alloway et al. (1995), with kind permission from Taylor and Francis. . . 124
Example contours for a 2 cm thick tephra deposit. V =1,a = 5,c=2.38,d =
0,61 = 0.703, B2 = 0.613,¢1 = 0.442, and ¢» = —0.983. The triangle denotes
the position of the vent. . . . . . . . .. ..o 125
Distribution of tephra thicknesses for named events. The triangle denotes
the position of the vent, axis units are in kilometers from the vent (0,0), and
isopachs are in centimeters. Solid lines represent isopachs constructed using
parameter estimates in Table 5.3. Dotted lines represent isopachs from Alloway

etal. (1995). . . oo 130
Gelman-Rubin diagnostic plots (left) and trace plots (right) for the site-specific
effects a; for unexposed locations (j=1,...,6). . . . .. ... ... .. .... 137
Posterior distributions for the site-specific effects a;. The site-specific effects

for the exposed locations (j = 7,...,39) are shown as one posterior distribution.138
Posterior distributions for the eruptive volumes V; of named events (i = 1,...,14).
The dashed lines indicate the estimated values from Table 5.3. . . . ... .. 139
Posterior mean parameter values of unnamed events (i = 23,...,270) sepa-
rated according to the number of dispersal lobes. . . . . . .. ... ... ... 140
Posterior mean parameter values of unnamed events (i = 23,...,270). Green

circles denote tephras observed in at least one southern location (Lake Ro-
tokare, Eltham Swamp, Lake Rangatauanui) and at least one northern loca-
tion (Lake Umutekai and Auckland). Red circles denote events observed only
in northern location(s). Blue circles denote events observed in southern loca-
tion(s). Black circles denote events only observed in the Near-Source record. . 143



xvi

List of Figures

5.13

5.14

5.15

5.16

5.17

5.18

5.19

5.20

5.21

Comparison between prior and posterior distributions for the various sensitivity
analyses. Site-specific effects (A-F), event dependent model parameters (G-
L). Solid lines for posterior distributions, dotted lines for corresponding prior
distributions. Baseline model in black, volume inflated model (Section 5.6.4)
in red, reference priors on ¢ and d (Section 5.6.5) in green, circular contours
(Section 5.6.6) in blue, the model which imposes a prior on the thickness
precision (Section 5.6.1) in cyan, and the model setting o = 43 (Section 5.6.3)
N Grey. . . . o o e e e e e
Comparison between posterior mean wind directions ¢1; and ¢; (in radians)
for the case of two dispersal lobes for the unnamed events. The dashed line
represents the case where ¢1; = o . . . . . . . Lo
Comparison between posterior volume estimates of unnamed events for the
baseline and volume inflated models. (A) Posterior mean volume versus pos-
terior volume standard deviation; (B) Posterior mean volumes, on a log scale;
(C) Coefficient of variation, the ratio between the posterior standard deviation
and mean volume. . . . . .. .. L L L
Distribution of tephra thicknesses for named events. The triangle denotes the
position of the vent, axis units are in kilometers from the vent (0,0), isopachs
are in centimeters (20 cm, 5 cm, 2 cm). Isopachs are constructed using poste-
rior mean parameter values. Solid lines represent the preferred model, dotted
lines represent circular contours resulting from the sensitivity analysis under
the assumption of no wind. Points indicate nearby exposed and unexposed
locations (Lake Umutekai (Um), Eltham Swamp (El), Lake Rotokare (Ro))
which observed the given tephra fall. . . . . . . ... ... ... ........
Changes in posterior mean wind direction ¢ (in radians) over time for all 270
events. The dashed line at ¢ = 0 represents due east. Solid line denotes a
loess smoothed line. Upwards triangles indicate ¢1; and downward triangles
indicate ¢9; for the named events (i = 1,...,14). Circles denote ¢y; for the
remaining events (i = 15,...,270). . . . . . ... ...
Density functions for a range of distributions fitted to the logarithm of the pos-
terior mean volume estimates. (A) Baseline model, (B) Volume prior inflated

Changes in posterior mean volume (km?) over time for all unnamed events.
Events older than 38000 cal BP are excluded as they were only observed in the
Auckland record. . . . . ... L
Repose times and subsequent eruption volumes (on a log scale) for unnamed
events. Best fit regression line added. . . . . . . . .. ... ... ... ...
Observed tephra thicknesses versus posterior mean volumes. Thickness are
represented on a log scale. The bottom left plot shows mean tephra thicknesses
observed across all exposed locations. . . . . . . ... ... ... ... .. ...

145

146

149

150

151

155

156



List of Tables

2.1

3.1
3.2
3.3
3.4

3.5
3.6

4.1
4.2

4.3

4.4

4.5

4.6

5.1

Comparison between total volume estimates of the exponential, Weibull, and
power law models fitted to the 18 May 1980 Mt St Helens eruption and the
1996 Ruapehu eruption using AshCalc (Daggitt et al., 2014). RMSE denotes
the relative mean square error, the relative error associated with the empirical
fit of observed thicknesses. . . . . . . . . . .. ...

Spearman rank correlations between repose lengths (7) and geochemical co-
variates. Single-source on lower diagonal, multi-source on upper diagonal.

Fitted baseline models: single-source record. . . . . . . . . .. ... ... ...
Fitted baseline models: multi-source record. . . . . . . . . .. ... ... ...
Fitted proportional hazard models: single-source record. . . . . . . ... ...
Fitted proportional hazard models: multi-source record. . . . . . . . ... ..
Fitted proportional hazard models for the Mixture of Weibulls baseline where
different covariate vectors and coefficients are imposed on each component of
the mixture. . . . . . . . ..

Tephras used for age control . . . . . . . .. .. ... L.
Resulting arrangement of tephra thicknesses and estimated ages across the
cores when the non-linearity constant added equals 0.5 ka. Marker tephras
used to constrain the ages are denoted with an asterisk with abbreviations
given in Table 4.1. . . . . . . . . .
A comparison of the number of distinct tephra from each volcanic center ob-
served across all five cores when the non-linearity constant, defined in Equation
(4.3), varies. AAIC represents the difference in AIC between the arrangement
of Molloy et al. (2009) and that returned by the automated procedure. AAIC
> 2 indicates a statistically significant improvement (Utsu, 1999). . . . . . . .
Sensitivity in arrangements of tephras between the Okareka and Oruanui marker
horizons to variability in sediment deposition rates. . . . . . . . . . ... ...
Probability of observing distal tephras at a given maar, assuming a non-
linearity constant of ¢ = 0.5 ka. AVF events are not included. Max age
(cal ka BP) denotes the mean age for the oldest event observed in each core. .
Estimated parameters in (4.11) for both the marker tephras and the non-
marker distal tephras. Subscripts 1,...,5 correspond to Lake Pupuke, Onepoto
Basin, Orakei Basin, Hopua Crater, and Pukaki Crater respectively. . . . ..

Details of unexposed locations (j = 1...6). The variable r; denotes the dis-
tance from the vent (km), #; denotes the angular direction from the vent
(radians anticlockwise from east), n denotes the number of tephras recognized
in the location. . . . . . . .. L L

xXvii

43

57
64
64
67
67

68

83

93

103

106



xviii List of Tables
5.2 Thicknesses observed at exposed locations (j = 7...39). r; denotes the dis-
tance from the vent (km), 6; denotes the angular direction from the vent
(radians anticlockwise from east). . . . . . . .. ... Lo 121
5.3 Estimated parameter values and standard errors (in parentheses). . . . . . . . 129
5.4 Comparison in DICs for the various sensitivity analyses. . . . . . . ... ... 144
5.5 Baseline model estimates. . . . . . . .. . Lo oo 154
5.6 Prior volume inflated model estimates. . . . . . . . . .. ... ... ... .. 154
A.1 Ages and geochemistry for the Mt Taranaki single-source record. NS, U and
R denote Near-source, Umutekai and Rotokare derived tephras, respectively. . 181
A.2 Ages and geochemistry for the Mt Taranaki multi-source record. NS, U and R
denote Near-source, Umutekai and Rotokare derived tephras, respectively. . . 184
D.1 Resulting arrangement of tephra thicknesses and estimated ages across the six
unexposed cores: Lake Umutekai (Um), Lake Rotokare (Ro), Near Source (NS),
Eltham Swamp (El), Lake Rangatauanui (Ra) and Auckland (Au). There is
no tephra number 27 in the Umutekai and Rotokare records and no tephra
number 4 in the Rangatauanui record as these are the rhyolitic ‘Stent Ash’
sourced from the Taupo Volcanic Centre. . . . . .. ... ... ... ..... 219



