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Spatio-temporal hazard estimates
Monogenetic volcanic fields have multiple volcanoes; a new eruption is expected
to create a new volcano. Events are infrequent.

For land-use and emergency planning purposes:
where is the next eruption likely to be?

In short time frame, answered(?) by ) l 5
monitoring data (seismicity, gas, ...) What about in a period of repose:

Probability forecast: estimate the hazard A(x) such that the probability of an
event in the neighbourhood of x, (i.e., y:| |y-x| | < Ax) ~ A(x) 1T (Ax)?

We know the spatial locations of
(most) vents

— Does the pattern change over time? |
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A Monte Carlo sample of age-orderings =i,

o T s
By reverse engineering the tephra
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orderings. estiobn W
Maungataketake 414 0.4 13 15
Otuataua 41.4 0.4 14 16
o McLennan Hills 40.1 1.2 13 16
NO apparent spatlo-temporal One Tree Hill 34.9 0.7 16 18
structure, but plenty of both temporal R
opua Basin
and spatial structure ]
Mono Lake magnetic =———>
excursion

But can we find the MOST

LIKELY age-ordering?



e Maar Tephra Thicknesses

Figure 3. 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 our procedure
‘when the non-linearity constant defined in Eq. (1) equals 0.5 ka. Solid lines show correlations consistent between our arrangement and that of Molloy et al. (2009).
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Figure 4. 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 our procedure
when the non-linearity constant defined in Eq. (1) equals 0.5 ka. Solid lines show correlations consistent between our arrangement and that of Molloy et al. (2009). 6
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Eruptive Tephra Volumes and Directions
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Prior age distributions

Onepoto Basin
Orakei Basin

Panmure Basin

> 99.5
> 83.1

< 120
31.73 £ 017

Oldest tephra

Oldest tephra Molloy et al. (2009)
Sia level Hyward, e coi,
b o Fergusson et al, (1959); Grant-Taylor and Rafter (1963);

Voleano Age (ka) Dating method References
Ash Hill 380 £ 0.6 °C Hayward (2008a)
Boggust Park > 130 Sea level Hayward et al. (2011a)
Crater Hill 3333 £ 067 Yo Searle (1965)
Domain =60 “e Grenfell and Kenny (1995)
Green Hill 199.83 £ 8.98 '€ methanol Sameshima (1990)
Hampton Park 26.60 + 8.10  *°Ar/*Ar Cassata et al. (2008)
Hopua > 20 Oldest tephra Molloy et al. (2009)
< 33 Age of lava at base  Lindsay and Leonard (2009)
Kohuora 3402027 M Searle (1965); Grant-Taylor and Rafter (1971)
McLennan Hills 42,60 £ 3.80 °Ar/*Ar Cassata et al. (2008)
Maungataketake 3999 + 0.53 “C Fergusson et al. (1959); Grant-Taylor and Rafter (1963);
Polach et al. (1969); McDougall et al. (1969)
Motukorea >7 Sealevel Bryner (1991)
Mt. Albert >3 ¢ Fergusson et al. (1959); Grant-Taylor and Rafter (1963)
Mt. Eden 28.39 £ 035 Yo East and George (2003)
Mt. Mangere 2194 £ 040 Mo Searle (1959, 1965); Grant-Taylor and Rafter (1971)

Molloy et al. (2009): Green et al. (2014)

Polach et al. (1969); McDougall et al. (1969)

Pukaki > 67  Oldest tephra Molloy et al. (2009)

Puketutu 33.60 £ 3.70  OAr/*Ar Cassata et al. (2008)

Pukewairiki > 130 Sea level Lindsay and Leonard (2009)

Pupuke W76 WA IAr Cassata et al. (2008)

Roberston Hill 20.90 £ 0.60 “C Sandiford et al. (2002)

Three Kings 2859 £ 0.38 ¢ Eade (2009)

Wiri Mountain 3288 £ 0.67 "C Searle (1965); Grant-Taylor and Rafter (1971)
" Stratigraphy Relerences

Ash Hill > Wiri Mountain
Green Hill > Styaks Swamp
Kohuora > Crater Hill

Mangere Lagoon > Mt Mangere
Mt Albert > Mt Roskill

Mt Eden > Mt Hobson

Mt Mangere > Mt Smart

Mt Roskill > Three Kings

Mt St John > Three Kings
North Head > Mt Victoria

One Tree Hill > Hopua

One Tree Hill > Mt Eden

One Tree Hill > Mt Mangere
One Tree Hill > Mt Smart

One Tree Hill > Three Kings
Orakei Basin > Little Rangitoto
Pukeiti > Otuatana

Te Pouhawaiki > Mt Eden
Waitomokia > Pukeiti

Wiri Mountain > Matukutureia
Cemetery Hill > Crater Hill
Otara Hill > Hampton Park
Maungataketake > Otuataua
Mt. Cambria = Mt Victoria

Sibson (1968)

Kermode and Heron (1992)
Searle (1962)

Kermode and Heron (1992)
Allen and Smith (1994)
Eade (2009)

Allen and Smith (1994)

Hayward (2008b)

Searle (1962); Hayward (2008h)
Hayward (2008b)

Kermode et al. (1992)

Searle (1959)

Affleck et al. (2001)

Searle (1959)

Nemeth. pers. comm.
Cassidy and Locke (2010)
Cassidy and Locke (2010)
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‘Known’ ages and stratigraphy combined with paleomagnetic (e.g.
Mono Lake) constraints to simulate 10,000 feasible age sequences
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Expected thickness, with wind

Tik (rik. &) = i exp{—(
without wind

r'z' T

distance azimuth

Gonzalez-Mellado & De la Cruz Reyna
(2010) ; Kawabata et al. (2013)

Actual thickness has lognormal
distribution with given mean and
coefficient of variation 0.5

Tephra attenuation

wind speed

rik[l — cos(&r —(@)]}r
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column height term
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Q=== Likelihood Equations oYy

Includes terms for observed thickness, not observed (but should have been!)

thicknesses, , and
log T Nk ™
g o exp[ (log i )} Tjr >0 Bt / (0051, { lg(t —p, )P }dt, s € Cp
5 Loy N ik = v fm'{
uiji(Tjk) \/2TT ;rUD 7 ex { %“L}df Tk =0 TR otherwise,
Tir = NA,
f ¥ G Nl (f—#'*lz . -
Pr(j* <s?) = ex S| dt, AVFj older than
Tolam= 1 exp —7(5? — #j)z g (st) = Y ) \/2?FT Jr Sl [ % ] . d
I \/2ma? 2032 A Pr(j*>s")=1— \/277 f_ exp [ e —— ) ] dt, otherwise

log L _{ et log uiji(Tie) + log f7(sF) + 50— log g7 (s7) 5= {1....,20}
OgLi_}' = !

Yo log vl (Tik) el
41 20
Solved by linear programming: log L Zlgj {nguuk k) + log f2(s Zlogg“
41 5
+ )0 allog ul}(Ti).
i=1 k=1
[ i . 41
with constraints for stratigraphy, etc. S iakj1 — i) > 0, =1,..., 19,
i=1
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Table 6: Marginal posterior probabilities for a

volcano to have

Results, fU=0.5, a=2

produced a given tephra for the baseline scenario with o =

.5, The global best arrangement is indicated by bold

type.
Volcans Tephia (AVFO = ‘anmatched’)
AVFL AVF2 AVFI AVF1 AVFS AVFG AVF? AVFS AVFa AVFL0 AVFLL AVFI2 AVFI3 AVFIY AVFIS AVELG AVFI7 AVFIS AVELD AVF20
0T 11313
0002 0170 1326 1106 0008
DO0L 0150 L5600 1301 o011
taza
0007 0755 0160 0050 fiTi%H 0376 Q164 0354 1000 1223 058
0648 1480 1913 1051 0oT0 0039
0003 021 0413 an21
Oa1s 01z sa10
1023 1444 0215 0025 0133 0182 040 0383 0288 0208 0317 488 0330 0737
noos [ i 1381 101 0861 U683 (642 R0 211 1961
ke 0012 0034 noog onon
MeLenman Hills 0162 0435 0128 o000 0T
0007 0002 Doy 0006 0065 w00 0020 0021 0276 o010 0016 0024
0360 0184 0007 no0s ool 0001
0238 01T 0035 0083 0050 0320 0402 0156 O8RS o012 0011 0001
0006 0363 3759 5430
0002 0038 0184 1215 0380 0743 0600 0841 1128 1302 1825
0048 0431 1430 A543 W37 1366 0041
0oy " 1487
0185 0161 0022 0001 o6t 000l 0004 0051
ooy 0050 0266 0786 761 asor 20
| 0696 0718 0070 B30 OB s 0043 i 0076 1064 1252 0652 0846 o773 0382 0330
1006 DAD8 D36 oo )] 0003 0050 oLy 0050 0112 0062 0041 0028 o010 0015 0016
(E 1o 0 Z ) (1N (TS T
0 0030 020 0008 0073 0040 0112 2147 2664 1806 1282 W05 686 0251 0082
0065 o040 onog
o sin TO81 0807 0004 nzm
Pigeon Mountain 0307 0047 0062 0225 0161 0074 0281 o030 0038 O1s
Pukaki (L
Pukeity
Puketutu - 0006 0033 D383 0496 1623 205 av4z anir
Robertson Hill D003 0003
Styaks Swan 10 one 0165 0330 0362 0535 0503 0538 21332
H 5405 a0} 0198 2288 2043 0008
uhawaiki T 0041 0740 0T0g 0070 no63 onn 0003 O3 (0L N08T 0026
0032 0054 5717 3207
Mountain m 0023 1535 FLIE] 0224 0783 0647

# % Massey

%52 University

Three Kings (large
volume, central, good
age) one of AVF 9-12
Crater Hill (large, good
age, azimuth towards
maar) also always
matched

Green Hill, Little
Rangitoto, Mt
Victoria, North Head
can match any tephra
Pukeiti, Waitomokia
don’t match any
tephra
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@ Best overall arrangments

Table 7: Best global arrangement of assigning Voleano ¢ to AVF tephra j. Scenarios are outlined in the sensitivity analysis
section. The six parameter sets are (A = fa = 1.5, AU =05} ;B = {a =2 AU =05}: C = {o =25 30 =05L: D =
H

{a=1580 -1k E={a=2 8/ = 1}; F= {a = 2.5, 80 — 1}). Bold type indicates scenario-determined identifications. S .
cenarios
Tephra Volcano Scenario -
- ) \ e - AVED spii ~
B it Bare e Mo - Maungataketake ~ 87.4 + 2.4 ka, North Head > 80 ka
AVE] Little Hangitoto ADEF ACDEF All ACDEE . .
Otuataua DEF - Three Kings is AVF 9 or AVF 10
Domain BC ABC B B
AVF2 One Tree Hill ADEF All ACDEF All ACDEF . . . . . .
Little Rangitota  BC B B - AVF 9 (thick in N and S, thin in middle) is actually 2
AVF3 Otuataua All All All All
Little Rangitoto All 1 1
AVF4 Koluora s All All All All All d IStI n Ct te p h ra S
AVFS Panmure Basin All All All All All
AVER Ash Hill DEE DEF EE
Taxlors Hill ABC ABC DEF ABCD
Wiri Mountain AB ABC
Crater Hill CDE
Cemetery Hill F
AVFT Wiri Mountain All All CDEF EF BCDEF
Cemetery Hill AR ABCD A
AVFS Cemetery Hill All All BCDEF .
Crate Hil AB a A L Mono Lake Excursion
Puketutu CDEF
AVFS Crater Hill All All
Three Kings All
Puketutu All
AVF9A  Wiri Mountain A
Crater Hill BCDEF
AVFOB  Puketutu All S
el _ 6 Conditions
Robertson Hill ABC
Hopua DEF All .
Three Kings All W d * D E F A B C
AVF11 Three King ABC ABC ABC I n * >
Mt Eden DEF DEF DEF DEF .
Hopua ABC All .
AVF12 I\ItpEden ABC ABC ABC All ABC COI u m n h e Ig ht . A D > B E > D F
Three Kings DEF DEF DEF
Green Hill DEF
AVF13 Green Hill All All ABC All All
Mt Hobson DEF
AVF14 Otara Hill All All All All All
AVF15 Hampton Park All All All All All
AVF16 Mt Mangere All CDEF All All All
Matukutureia AB
AVFIT Mt Cambria All BCDEF All All = =
i Mnger Results do not change if CV is doubled to better
Mt Hobson CDEF A
AVF1I8 Mt Hobson AB AB A AB . . .
Mt Smart CDEF CDEF Al BCDEF CDEF t t Iy th k t p h
e e e e \ i represent certaln massive ICK tepnras.

Matukutureia CDEF CDEF Al BCDEF CDEF
AVF20  Styaks Swamp All All All All All 12
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Q=== Conclusions

Table 8: Comparison of event order models

Tephra Baseline model, this work Bebbington and Cronin (2012)
AVF1  Little Rapgitoto/Domain Pukaki
AVF2  One Tree Hill/Little Rangitoto™~Domain

AVF3  Otuataua Mt St John - Taylors Hill was most likely the first of the Mono
AVF4  Kohuora One Tree Hill

AVF5  Panmure Basi Motukorea Lake volcanoes to erupt-

AVF6  Taylors Hill / As Kohuora

AVF7  Wiri Mountain Crater Hill

AVF8  Cemetery Hill s - Almost all of the large volume volcanoes are
AVF9  Crater Hill Hopua Basin allocated.

AVF10 Puketutu North Head .
AVFIl ‘Three Kings i - Maungataketake and Mt Roskill have

AVF12 Three Kings / Mt Eden Three Kings unfavourable directions.
AVF13 Green Hill It Eden
AVF14  Otara Hil ¥ Toksi - Mt Albert has large volume and good

AVF15 Hampton Park Little Rangitoto dispersal axis, but only age data is > 35 ka
AVF16 Mt Mangere Pigeon Mountain

AVF17 Mt Cambria Mangere Lagoon

AVF18 Mt Hobson / Mt Smart Mt Mangere
AVF19 Mt Smart~7Matakuturefa—Mt Smart
AVF20 Styaks Swamp Styaks Swamp

13



Future Work R Y

Incorporate geochemistry of sources and deposits
- Additional likelihood penalty if the source and deposit geochemistry differs

Describe multi-element geochemistry by

% 5 multivariate Gaussian distribution (e.g., in 2-D
L ¥ .

; an ellipse)

g 1} -

= - Can use principle components to reduce

2 dimensionality

S o}

Q

- - Need data to quantify whatever systematic
% i bias and heteroscedasticity exists between
é lava/scoria/tuff and tephra geochemistry.
o

PC 1 =-01495 TiDy + 0711 AlaCq - 0.675 MgO
14
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