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a b s t r a c t
The dichotomy between probabilistic and scenario-based volcanic hazard assessments stems from their opposing
strengths and weaknesses. The quantiﬁcation of uncertainty and lack of bias in the former is balanced against the
temporal narrative and communicability of the latter. In this paper we propose a novel methodology to bridge
between the two, deriving a pseudo-probabilistic hazard estimate from a suite of dynamic scenarios covering
multiple volcanic hazards and transitions in eruptive style, as designed for emergency management purposes,
in a monogenetic volcanic ﬁeld. We use existing and new models for eruption style transitions, which provide
probabilities conditional on local environmental conditions, thus obtaining the relative likelihoods of each scenario at every location in the ﬁeld. The results are interpreted in terms of the probability of various hazards
and combinations of hazards arising from various scenarios at critical locations. Conversely, we also demonstrate
that it may be possible to optimise the likelihood of the scenario allocations across desired locations for emergency management training purposes.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

1. Introduction
Volcanic eruptions are generally accompanied by various hazardous
phenomena that can have signiﬁcant immediate and long-lasting impacts. The ability to forecast when and where an eruption might
occur, along with the eruption style (“what”), is invaluable for hazard
forecasting, emergency management, and risk mitigation.
There are two main approaches (Marzocchi and Bebbington,
2012) in dealing with volcanic hazards in risk mitigation: (1) a probabilistic approach, which utilises probabilities to quantify the likelihood of occurrence of an eruption and its hazards, and (2) a
deterministic or scenario approach, which considers speciﬁc styles
of eruptions and hazards without considering probabilities. Both
have their strengths and weaknesses. The former can better quantify
the range of possibilities and their likelihood, but has high dimensionality and is consequently difﬁcult to communicate. The latter
considers only one speciﬁc possibility, the likelihood of which is
often not quantiﬁed, but is built around a narrative designed for
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communication. A hybrid approach, where multiple scenarios are
available, and their likelihoods calculated to obtain an ensemble hazard forecast, forms a bridge between the two, ideally mitigating the
weaknesses of both. To the best of our knowledge, this has only
been applied for tephra fallout (Selva et al., 2010; Selva et al., 2014;
Sandri et al., 2016), in which the conditional probabilities for three
scenarios of varying eruptive sizes were determined for Vesuvius
(polygenetic) and Campi Flegrei (monogenetic) volcanoes.
The disconnect between probabilistic and scenario approaches is
particularly acute in small-scale magmatic systems that are
expressed as distributed volcanic centres (volcanic ﬁelds), where
the next vent location is unknown (e.g. Sierra Chichinautzin Volcanic
Field, Mexico; Jeju, South Korea; Auckland Volcanic Field, New
Zealand; Campi Flegrei Volcanic Field, Italy) (Ashenden et al.,
2011). Accounting for the variability in eruption style and associated
hazards arising from the interaction of an eruption with environmental conditions, including the substrate and water table, is difﬁcult when the location of the next eruption is uncertain. Such
volcanic ﬁelds therefore pose signiﬁcant problems for hazard forecasting and consequent emergency management planning.
The probability of an eruption in a volcanic ﬁeld is typically very low
in temporal terms, and so this element can usually be considered independently of the spatial location (Bebbington, 2013), without the need
for a full spatio-temporal analysis (Connor and Hill, 1995). There have
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been many approaches to estimating the location of a future vent, with
the most popular being some form of kernel density estimation (Connor
and Connor, 2009), which can incorporate other information besides
past vent locations (Bartolini et al., 2013; Cappello et al., 2012; Martin
et al., 2004). Far less attention has been paid to modelling hazard intensity as a function of vent location (Bebbington, 2015; Bevilacqua et al.,
2017). Typical hazard assessments focus on the simulation of hazards
from a vent, such as lava ﬂow and pyroclastic ﬂow extent, assuming
one eruption style (e.g. Connor et al., 2012; El Difrawy et al., 2013;
Sandri et al., 2012).
Previous event tree based probabilistic models for spatial hazard
(Bartolini et al., 2015; Bertin et al., 2019; Cappello et al., 2013;
Marzocchi et al., 2010) consider hazardous phenomena, such as tephra,
pyroclastic density currents or lava, independently, and largely do not
account for environmental inﬂuences on the phenomena properties.
Scenario-based approaches consider various subsets of eruption
phenomena expected from a discrete set of eruption styles, within a
temporal narrative, without considering probabilities (e.g. Deligne
et al., 2017; Hayes et al., 2020; Spence et al., 2005). Scenarios are valuable for volcanic ﬁelds for communicating hazard information to authorities for purposes including contingency planning and loss
modelling (Hayes et al., 2020; Zuccaro et al., 2013). Hayes et al.
(2020) challenged the ‘single scenario’ weakness of this approach by
developing a number of them but then faced the problem of deploying
the scenarios spatially.
This study presents a new method for assessing hazard spatially in
volcanic ﬁelds, by assigning probabilities conditional on location to
each of a suite of eruption scenarios. These scenarios have appropriate
dependencies, particularly temporal, between hazards, information
that is vital for emergency management. The novelty in our method is
in being able to combine multiple dynamic eruption scenarios, of the
type required by emergency managers and characterised by multiple
hazards and eruptive styles evolving over time, into a pseudoprobabilistic output that reports spatial probabilities and timestamped hazards. The remainder of the paper is organised as follows.
We start with a brief account of our case study location, the Auckland
Volcanic Field (New Zealand). This is followed by a detailed account of
how we assign probabilities to each scenario at a given location, including new models for the probability of an initial phreatomagmatic phase
conditional on environmental factors, and for a Surtseyan eruption conditional on water depth. The results are then presented in the form of
conditional probability maps, and the implications of them discussed
along with limitations of the methodology.
2. Auckland Volcanic Field (AVF)
Auckland is New Zealand's largest city in terms of area, population
and economic contribution, with approximately 35% of New Zealand's
population and Gross Domestic Product within the Auckland Region
(Statistics New Zealand, 2013). Auckland also contains within its
boundaries an intraplate volcanic ﬁeld. The ﬁeld has produced at least
53 eruptive centres (Hayward et al., 2011) over at least the past
200,000 years (Leonard et al., 2017) (Fig. 1). A zone of partial melting
and the presence of an active source of magma has been inferred
~70–90 km or 80–140 km beneath Auckland from anomalous seismic
signals (Horspool et al., 2006) and isotope studies of U\\Th (Huang
et al., 1997), respectively. Hence, the AVF has the potential to erupt
again in the future.
The AVF is typically classiﬁed as monogenetic, indicating that each
vent location erupts only once (Allen and Smith, 1994; Kereszturi
et al., 2013). However, the multiple eruptions of Rangitoto (Linnell
et al., 2016) indicate that centres could be long-lived, or simply that
they could overlap in space by chance. Nonetheless, magma rising
from the mantle tends to erupt in a new location in the ﬁeld, causing difﬁculties in predicting where the next eruption could be (Ashenden
et al., 2011). Spatial and temporal patterns in AVF vent locations have

been previously analysed (e.g. Bebbington and Cronin, 2011;
Bebbington, 2013) and show trends in alignment and strong clustering,
respectively.
In addition to the uncertainty associated with when or where the
next eruption will occur, the size of a future eruption is difﬁcult to forecast; the last eruption on Rangitoto, approximately 600 years ago, contributed approximately half of the total erupted volume of the AVF
(Kereszturi et al., 2017). The distribution of eruptive volume conditional
on location has been estimated (Bebbington, 2015), but this still falls
short of the desired quantiﬁable information about the size, style, and
duration of possible future eruptions in the AVF.
Various environmental conditions are controls for volcanic activity –
for instance, saturated sediments provide a potential source of groundwater that could control the occurrence of an initial phreatomagmatic
eruption phase, as opposed to a magmatic one. In the AVF, sedimentary
sequences such as the Kaawa Formation have allowed for the formation
of conﬁned aquifers that have high permeability and are conducive for
groundwater storage (Viljevac et al., 2002). The aquifers of the Kaawa
Formation are conﬁned by the Tauranga Group sediments, which are
water-saturated but have low-permeability (Kermode, 1992). Basaltic
aquifers, formed due to the merging of basaltic ﬂows from multiple
eruption sites underground, which allow for groundwater transport
via fractures, are known to be present at many locations (Crowcroft
and Smaill, 2001; Kalbus et al., 2017). Hydrogeological factors have a
strong impact on the initial style of a monogenetic volcanic eruption
(e.g. Agustín-Flores et al., 2014; Kereszturi et al., 2014). This is highly
relevant to the AVF, where at least 83% of the previous eruptions in
the AVF had an initial phase of phreatomagmatism (Kereszturi et al.,
2014). Previous hazard assessments have also assumed that the next
eruption will be phreatomagmatic (Lindsay et al., 2010; Sandri et al.,
2012), reﬂecting the relatively high present day sea level and hence
water table.
Once an eruption is underway, various eruptive and environmental
factors come into play inﬂuencing possible transitions in eruptive style
(Kereszturi et al., 2014), and hence eruption duration and hazards.
Kereszturi et al. (2017) developed a model for the likelihood of a transition from phreatomagmatic to magmatic behaviour during an eruption.
Logistic regression using past occurrences and geological data was conducted to examine the effects of several environmental factors on probability of transition. The study did not consider statistically the
likelihood of an initial phreatomagmatic phase.
Furthermore, the AVF has hosted at least one Surtseyan eruption
(Agustín-Flores et al., 2015), and the nominal extent of the AVF
(Runge et al., 2015) includes considerable expanses of open water.
The depth of this water thus has implications for hazard styles in subaqueous eruption locations. Such offshore locations were not considered in the analysis by Kereszturi et al. (2017).
2.1. AVF eruption scenarios
As part of the Determining Volcanic Risk in Auckland (DEVORA) research programme (http://www.devora.org.nz/), eight scenarios, based
on expert opinion informed by past eruptions, were created to encompass the range of sizes, styles and duration possible in a future eruption
and to assess their consequences (Table 1) (Deligne et al., 2017; Hayes
et al., 2020).
Across the eight scenarios, there are three main eruptive styles:
Phreatomagmatic: Explosive eruptions that are characterised by the
direct interaction of magma with external contained water sources,
such as groundwater and/or surface water (White, 1991). At least 83%
of past eruptions in the AVF have an initial phreatomagmatic phase
(Kereszturi et al., 2014). Features such as tuff rings and maars dot the
landscape in Auckland as an indication of past phreatomagmatic
activity.
Magmatic: Moderately explosive Strombolian and effusive
Hawaiian-styled eruptions, which occur if the ratio of available external
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Fig. 1. Map of the Auckland Volcanic Field with the location of past vents indicated by triangles. Scenarios by Hayes et al. (2020) are shown as stars and are discussed in Section 2.1. The
ellipse shown is the AVF boundary by Runge et al. (2015). Key areas for discussion in the AVF are labelled in blue. The inset map indicates the location of the AVF relative to other cities, in
circles, in the northern part of the North Island of New Zealand.

water to magma is low. Up to 17% of past AVF eruptions started with an
initial magmatic phase (Kereszturi et al., 2014). Accumulated scoria material in the form of steep sided cones and craters reﬂecting such activity
can be found in the AVF (Allen and Smith, 1994), particularly in the central part of the ﬁeld.
Surtseyan: Explosive volcanic activity from the interaction of magma
with a body of water such as lakes and the sea. Explosions are generally
short-lived and intermittent (Kokelaar, 1983; Thorarinsson et al., 1964;
Walker and Croasdale, 1971). In the AVF, a Surtseyan eruption is

thought to have occurred at North Head, generating a tuff cone, the
only known feature likely formed by Surtseyan activity within the AVF
(Agustín-Flores et al., 2015).
In addition, an eruption may transition between different styles. In
the AVF, N75% of past eruptions display more than one eruption style
(Kereszturi et al., 2014).
Transitional: Two types of transitions were included in the DEVORA
scenario suite: phreatomagmatic to magmatic, and magmatic to
phreatomagmatic. A phreatomagmatic to magmatic transition may
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Table 1
The eight DEVORA Scenarios with their location and eruption style (based on information
from Hayes et al. (2020)). We only considered the ﬁrst two activity styles per scenario for
simplicity (refer to text). Arrows indicate a style transition.
Scenario

Location

Eruption style

A
B
C
D
E
F
G
H

Auckland Airport
Otahuhu
Māngere Bridge
Mt Eden Suburb
Waitematā Port
Birkenhead
Rangitoto Channel
Rangitoto Island

Phreatomagmatic
Phreatomagmatic ➔ Magmatic
Phreatomagmatic ➔ Magmatic (Offshore)
Magmatic
Magmatic ➔ Phreatomagmatic
Phreatomagmatic ➔ Magmatic
Surtseyan (Offshore)
Phreatomagmatic ➔ Magmatic

occur when a phreatomagmatic eruption is long-lived and the contributing external water sources (including groundwater) are exhausted,
causing the eruption to transition to a dry magmatic style (Kereszturi
et al., 2017). There are no documented cases of the alternative magmatic
to phreatomagmatic transition occurring in the AVF; however, such
transitions have occurred at other volcanic centres (e.g. Askja, 1875;
Taal, 1965) (e.g. Carey et al., 2009; Kokelaar, 1986; White and
Houghton, 2000). Changing external conditions, such as shifting vent
positions and the movement of the vent into and out of water sources,
as hypothesised by Carey et al. (2009), make this a possible scenario
for the AVF.
In the initial work by Hayes et al. (2020), each of the eight DEVORA
scenarios was assigned a vent location (Fig. 1) so that the occurrence of
hazards and consequent impacts could be assessed. A number of considerations were taken into account by Hayes et al. (2020) in selecting
these locations, such as having a geographical spread within the
Runge et al. (2015) “tight” elliptical boundary of the AVF and considering the potential consequences of an eruption in that location. Although
care was taken to ensure that the environmental conditions of the area
around the suggested vent (Kereszturi et al., 2014) were conducive to
the eruption style of the scenario, detailed environmental inﬂuences
on eruption activity were not considered. In particular, it was assumed
that an eruption starting with phreatomagmatic activity could occur
anywhere within the AVF (Hayes et al., 2020), but it is uncertain
whether this is possible, or with what probability. Our analysis will investigate this and have the side beneﬁt of evaluating how likely the
nominal scenario locations were, thus presenting what is effectively a
sensitivity analysis of the multiple scenario exercise.

Phreatomagmatic to Magmatic transition (PM-M), and Magmatic to
Phreatomagmatic transition (M-PM). The conditional probabilities for
these four land-based possibilities are calculated as explained below.
The phreatomagmatic to magmatic transition eruption requires a
phreatomagmatic eruption, the probability of which is conditional on
the location: Pr (PM | XL), which transitions subsequently to a magmatic
eruption with probability Pr (M | PM, XL). Hence:
Pr ðPM−M j XL Þ ¼ Pr ðPM j XL Þ  Pr ðM j PM; XL Þ;

ð1Þ

A purely phreatomagmatic eruption requires a phreatomagmatic
eruption, which then does not make a transition to magmatic behaviour. Hence:
Pr ðPM j XL Þ ¼ Pr ðPM j XL Þ  ð1− Pr ðM j PM; XL ÞÞ;

ð2Þ

An initially magmatic eruption is the complementary event from a
phreatomagmatic eruption, hence has probability 1 − Pr (PM | XL),
and the probability is conditional on the location. This can have a transition to phreatomagmatic, which we assume will occur when a vent
that is originally on land intersects harbour waters in the AVF. The
vent radius of the transition Scenario E was used to determine if the
vent would intersect the harbour. The probability of this transition
event is thus:
Pr ðM−PM j XL Þ ¼ ð1– Pr ðPM j XL ÞÞ  Pr ðPM j M; XL Þ;

ð3Þ

where Pr (PM | M, XL) is an indicator function, Pr (PM | M, XL) = 1 if the
vent intersects the harbour, and Pr (PM | M, XL) = 0 otherwise.
Finally, a purely magmatic eruption then has the complementary
conditional probability:
Pr ðM j XL Þ ¼ ð1− Pr ðPM j XL ÞÞ  Pr ðPM j M; XL Þ

ð4Þ

Scenario likelihood models were developed following a probability
tree approach. The ﬁrst branch, the location, is deterministic, i.e. we assume that the event has happened either on- or offshore.

In the case of an offshore eruption at location XW, things are simpler.
There are only two possible outcomes among the suite of scenarios:
Surtseyan (S) and Phreatomagmatic to Magmatic transition (Offshore
PM-M). However, because it is possible that the initially
phreatomagmatic scenario might not make the transition to magmatic,
we need to extend the eruption scenario suite to contain an offshore
phreatomagmatic eruption (Offshore PM, Scenario Z). As shown in
Fig. 2, a Surtseyan eruption is considered to occur with location dependent probability Pr (S | XW). If it does not, with probability 1 − Pr (S |
XW), the eruption is considered to be initially phreatomagmatic, and
may or may not make the transition to magmatic with probability Pr
(M | PM, XW), as in Eqs. (1) and (2).
Having designed the probability tree, we now need to populate it
with the required probabilities Pr (PM | XW), Pr (M | PM, XW) and Pr
(S | XW).

3.1. Probability tree for eruption styles

3.2. Transition probabilities

Fig. 2 shows how we apportioned the four (including transitional)
main eruption styles observed at volcanic ﬁelds among the eight
DEVORA scenarios (A through H) according to their main style and
any subsequent transition. As described below, we had to create an additional scenario of a purely phreatomagmatic offshore eruption (Z) in
order to account for non-Surtseyan subaqueous eruptions. The methodology outlined here is illustrated for the AVF, but can be applied to any
ﬁeld around the world, given appropriate input data including a suite
of scenarios.
Each branch of the tree is conditional (as is the probability) on the
branch used to reach it. Let X be the location of a new eruption. The
ﬁrst branch is decided by whether X is on land (and thus denoted by
XL) or offshore (denoted as XW).
If X is on land, there are four possible eruption styles among the
eruption scenarios (Fig. 2): Phreatomagmatic (PM), Magmatic (M),

The probability of a phreatomagmatic to magmatic transition Q = Pr
(M | PM, XL) can be obtained from Kereszturi et al. (2017):

3. Methods and data

pﬃﬃﬃ
Q
ðz þ 5Þ−0:5 ð5Þ
¼ −0:694 A þ 1:908 logD f −10:74 IH V −0:25
log
ph
1−Q
−2:675 ð1−IH ÞV−1
ph −0:226 ð1−IH Þ expðT S =10Þ
where A is the mean estimated age (in ky) of the eruption as estimated
by Bebbington and Cronin (2011) and Bebbington (2013). The ﬁrst term
indicates that the probability of transition increases with time,
reﬂecting sea level rise in the Holocene and a magma ﬂux that is potentially increasing over time (Kereszturi et al., 2014). Df is the distance to
the nearest fault (m), which reﬂects the inﬂuence of increased groundwater ﬂow through faulted and jointed zones in the AVF. IH is an indicator variable of substrate type, where IH = 1 if the substrate is sandstone/
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Fig. 2. Probability tree representing eruption scenarios (styles). The bold text refers to the equations for the eruption style. The letters in the red circles refer to the scenarios by Hayes et al.
(2020), where Z is the phreatomagmatic offshore eruption style created in this study. The bold text refers to the equation used to calculate the probability of a style, where X is the location
of a new eruption, XL denotes a land eruption and XW denotes an offshore eruption.

siltstone and 0 otherwise. Substrate type is important to the movement
of groundwater, and therefore the transition probabilities: for hard substrates, an increase in the sea level corrected elevation, z (m) or volume,
Vph (×106 m3) of the phreatomagmatic phase results in an increased
transition probability, while for soft substrates, their saturation and
large sediment thicknesses, TS (m) allow for continual groundwater replenishment, reducing the probability of transition (Kereszturi et al.,
2017). Due to a lack of information on probabilities of subaqueous
phreatomagmatic eruptions, we used for that case the formula (5)
from Kereszturi et al. (2017) which allows for water depths of up to
5 m. The remaining environmental data required for the formula are
not available offshore and were thus imputed to be the same as the
nearest known (onshore) location.
We then adapted the method of Kereszturi et al. (2017) to determine Pr (PM | XL), the probability of an eruption beginning with a
phreatomagmatic phase. Near-surface geology, hydrology and topography are all recognised as controls on phreatomagmatism (Connor et al.,
2000; Kereszturi et al., 2017; Pedrazzi et al., 2014). Using WinBUGS software (Lunn et al., 2000) we performed a logistic regression analysis on
the occurrence of a phreatomagmatic phase in past eruptions using as
independent variables the environmental factors of vent elevation
above sea level, thickness of water-saturated and porous sediments,
and distance from known faults.
The best model, chosen according to the Deviance Information Criterion value, which balances model ﬁt against model complexity
(Kereszturi et al., 2017; Spiegelhalter et al., 2002), was:
 
P
log
¼ α 1 z þ α 2 T S 0:25 þ α 3 IH log D f
1−P

ð6Þ

where P is the probability of an eruption commencing with a

phreatomagmatic phase. The Bayesian regression analysis produces parameter estimates (distribution mean ± standard deviation) α1 =
−0.0453 ± 0.0206, α2 = 1.174 ± 0.325, and α3 = 0.227 ± 0.132. All
parameters were statistically signiﬁcant, with a probability of being positive in excess of 0.95.
The reasoning behind the terms in the model (6) parallels those in
Kereszturi et al. (2017). The ﬁrst term speciﬁes that the probability
will decrease with an increase in elevation. This assumes that points at
higher elevation will have less water content in the substrate and
hence eruptions are less likely to start with a phreatomagmatic phase.
The second term, which applies primarily to the soft substrate areas in
the AVF, indicates that a large thickness of unconsolidated sediments
will possibly allow for high water content to be present, translating to
a greater probability of phreatomagmatic activity. The third term,
which applies to the hard rock substrate areas, indicates that the probability will decrease closer to faults. The permeability of faults can potentially cause water to be channelled away from the near surface,
resulting in the inability for phreatomagmatic activity to commence.
This is in contrast with the relationship established for faults and the
transition from a phreatomagmatic to magmatic eruption, where the
probability for a transition increases with distance from faults
(Kereszturi et al., 2017). The key difference is that sustained
phreatomagmatic behaviour needs a deeper and wider substrate area
with sufﬁcient water ﬂux, while an initial phreatomagmatic phase requires only sufﬁcient localised water. Hence, the probability of initial
phreatomagmatic activity will decrease closer to faults, as faults will direct water away from the localised area of interest, but the probability of
sustained phreatomagmatism increases as those same faults can act as
paths to feed water to the eruption in progress.
The ﬁnal probability needed is Pr (S | XW), that of a Surtseyan eruption at a given location. Only one potentially Surtseyan eruption has
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been recorded in the AVF (Agustín-Flores et al., 2015). Hence, the
method used above for subaerial eruptions (i.e. logistic regression
modelling from past eruptions) is not suitable.
The environmental factors considered for subaerial eruptions are not
applicable either. Instead the key environmental factor that contributes
to a Surtseyan eruption is water depth, as formation of a Surtseyan
eruption requires the sustained bulk mixing of magma melt and coolant
to generate its characteristic upward-surging jets and plumes
(Kokelaar, 1986). However, there has been minimal research on depth
controls on Surtseyan activity, and there is little data available to support a model. Instead, we consulted nine experts in the ﬁeld of
Surtseyan eruptions to determine if there is a minimum depth for
Surtseyan activity. There was no consensus on whether a minimum
depth is required, and if required, what it is. Some experts believe that
any standing body of water can initiate a Surtseyan eruption if sufﬁcient
water is available and rate and persistence of magma supply is appropriate (J. White, personal communication, 2019), while others believe that
if the standing body of water is too shallow it will not be possible to
form a saturated clastic pile that can become entrained in the magma
to form steam that rapidly expands to generate an explosive Surtseyan
eruption (P. Kokelaar, personal communication, 2019; Kokelaar, 1986).
The required minimum depth is thus believed to range from at least several metres to tens of metres.
We acknowledge that it is difﬁcult to ﬁx a depth for the occurrence
of Surtseyan eruptions as the eruption style is highly dependent on
the magma ﬂux and the depth of water-saturated sediments at the bottom of the water body. For our purposes, namely to demonstrate a ﬁrstorder model and illustrating the scenario methodology, we have
adopted 10 m for the minimum depth of Surtseyan activity (K. Nemeth,
personal communication, 2018). This value, although debatable, recognises the need to have enough water for sustained bulk mixing of
magma melt and water. The probability of Surtseyan activity was then
elicited at three additional depths, providing four points in depthprobability space (Table 2).
This provided sufﬁcient detail to ﬁt a beta distribution, commonly
used to model probabilities. With the limits ﬁxed at 10 and 30 m,
minimising the sum of squared deviations through the remaining two
points gives a perfect ﬁt for the two parameters of the beta distribution.
If dX is the depth of water (in m) at location XW, the equation for the
probability of a Surtseyan eruption is thus:
Pr ðS j XW Þ ¼ B ðd; 0:6073; 1:2902Þ

ð7Þ

where d = (dX − 10) / 20, so that 0 b d b 1, and B denotes the incomplete beta function:
Z
Bðd; a; bÞ ¼

d
o

ua−1 ð1−uÞb−1 du

As a result of the lack of consensus regarding the depths involved,
we performed a sensitivity analysis varying the minimum and maximum water depths between 10 m and 15 m, and 20 m and 40 m, respectively, but the resulting spatial probabilities did not differ signiﬁcantly
Table 2
Probabilities for a Surtseyan eruption for each corresponding water depth, based
on judgement (see text for details).
Depth (m)

Probability of Surtseyan eruption

from the present model. Additional parameters not considered in this
study can control the occurrence of a Surtseyan eruption, including
the rate of magma supply, and further work to reﬁne this analysis
would be welcomed.

3.3. Output maps
We assume that exactly one scenario, among our suite of scenarios,
occurs during an eruption and thus calculate the conditional probability
of each scenario at each location. The effectiveness of our methodology
thus relies on the premise that the set of scenarios by Hayes et al. (2020)
plus the offshore phreatomagmatic scenario developed for this study,
sufﬁciently represents the range of possible eruption styles in the AVF.
The conditional spatial probability maps indicate the relative probability of occurrence of a given scenario at each location. While the probability tree (Fig. 2) ensures appropriate normalisation between styles of
eruption, the three scenarios (B, F and H) on the PhreatomagmaticMagmatic Transition branch require further apportionment of the probability between them. In this case, the likelihood of the scenario volume
conditional on location (Bebbington, 2015) was used to weight the scenarios. If L(vi) denotes the likelihood of a volume vi, then the scenario
with this volume can be assigned weight

wi ¼

Lðvi Þ
 
∑ jL v j

ð8Þ

where j indexes the scenarios with the same eruption style. The probability of each scenario is then obtained from (1) and (8) as wi ∗ Pr (PM |
XL) ∗ Pr (M | PM, XL).
3.4. Data
Environmental data used in the models were provided by Gabor
Kereszturi (G. Kereszturi, personal communication, 2018) and comprise
the same dataset used in Kereszturi et al. (2017). Bathymetric data of
the Hauraki Gulf for offshore scenarios were obtained from the National
Institute of Water and Atmospheric Research (NIWA) (Mackay et al.,
2012).
The volume of the phreatomagmatic phase (Vph) was required for
the scenarios that utilise Eq. (5). In addition, vent dimensions were required for Scenarios D and E (Eqs. (3) and (4)) to determine the areas
near the harbour(s) that are susceptible to a magmatic to
phreatomagmatic transition. These data were not directly available
from the eruption scenarios, and hence were deduced from the results
of Kereszturi et al. (2013), who considered the relationship of Vph and
vent dimensions to other eruption factors from past AVF eruptions.
For each of the scenarios, we assumed vent dimensions and Vph from
the most similar AVF eruption (Kereszturi et al., 2013), as below: Scenario A: Boggust Park; Scenario B: Onepoto Basin; Scenario C:
Maungataketake; Scenario D: Mt. Victoria; Scenario E: Brown's Island;
Scenario F: McLaughlin Mountain; Scenario H: Rangitoto Island.

4. Results
4.1. Probability maps

0
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Our results are presented in Figs. 3 through 5, which shows the
spatial probability of occurrence of each scenario across the entire
AVF. The same equation (Eq. (3)) is used for Scenario B, F and H,
hence the map results for these scenarios are largely similar.
Hence, map results for Scenarios B, F and H are presented together
with reference to Scenario B.
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Fig. 3. Spatial Probability Map for Scenarios A and B (Phreatomagmatic Eruption and Phreatomagmatic to Magmatic Transition Eruption, respectively). Blue represents areas with lower
probability, red represents areas with higher probabilities. Offshore areas are not included for eruptions on land and are in white. The intended scenario location is labelled with a triangle
(Hayes et al., 2020).

Fig. 4. Spatial Probability Map for Scenarios D and E. Blue represents areas with lower probability, red represents areas with higher probabilities. Offshore areas are not included for
eruptions on land and are in white. Areas in light grey are deﬁned in the study to not be possible for the particular eruption style – at the land border for Scenario D, and the opposite
for Scenario E. The intended scenario location is labelled with a triangle (Hayes et al., 2020).
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Fig. 5. Spatial Probability Map for Scenarios C and G. Blue represents areas with lower probability, red represents areas with higher probabilities. Land areas are not included and are in
white. The intended scenario location is labelled with a triangle (Hayes et al., 2020).

4.2. Key locations in the AVF: most likely scenarios
The AVF contains infrastructure of particular signiﬁcance, both locally (harbour crossings including the Māngere and Harbour bridges,
State Highways, the wastewater plant at Māngere, electricity transmission and distribution networks) and nationally (the International Airport and ports, the latter including the Rangitoto channel; high
pressure gas transmission pipelines), around which we will frame discussion of the results.
Around the airport, we see that the most likely scenario is Scenario A
to the north and east, Scenarios B (F,H) to the west, and Scenario C to the
south in the neighbouring Manukau harbour. This means that the airport is vulnerable to purely phreatomagmatic eruptions as well as onshore and offshore phreatomagmatic to magmatic transition
eruptions. For the ports of Auckland, near the Auckland Harbour Bridge
as well as the Central Business District, the most likely scenarios are Scenario B (F,H) to the east and west, Scenario D to the south and Scenario
G to the North in the Rangitoto Channel. The ports are therefore vulnerable to phreatomagmatic to magmatic transition eruptions, magmatic
eruptions, as well as Surtseyan eruptions. Moreover, around the North
Shore, the most likely scenario at the coast would be Scenario E, and
Scenario B (F,H) farther from the coast. For areas east in the Channel,
the most likely scenario would be Scenario G. The North Shore, where
many areas are residential, is vulnerable to magmatic to
phreatomagmatic transition eruptions, phreatomagmatic to magmatic
transition eruptions and Surtseyan eruptions. As for signiﬁcant infrastructure near Māngere, i.e. the Māngere bridge and wastewater plant,
the most likely scenario would be Scenario B(F,H) and Scenario C. The
area is thus highly susceptible to an eruption style of onshore/offshore
phreatomagmatic to magmatic transition. Further details of how Scenario C could impact Māngere can be found in Deligne et al., (2017).
Similar analyses can be done for any location, and with the use of suitable numerical tools (e.g. Titan2D, Tephra2), can then provide a full
(pseudo-)probabilistic hazard analysis for the area.

Areas of high probability for solely phreatomagmatic activity (Fig. 3,
Scenario A) are generally areas of low probability for the transition from
a phreatomagmatic to magmatic eruption (Fig. 3, Scenario B). The converse, however, is not true. For a solely magmatic eruption, higher probabilities will be encountered at areas of higher elevation and lesser
thickness of unconsolidated sediments (i.e. areas such as the North
Shore, Central Auckland and Hunua Ranges). The inﬂuence of fault distance is not simple, as greater distance to faults will increase the likelihood of an initial phreatomagmatic phase Pr (PM | XL) and also
increase the likelihood of an ensuing transition to a magmatic phase
Pr (M | PM, XL) (Eqs. (1) and (2)).
In contrast, for a phreatomagmatic to magmatic transition eruption
scenario, the primary controlling factor appears to be the distance to
faults. We observe that the results (spatial probability maps) are a product of several interacting factors. There is no simple relationship between the maps for Scenario A and Scenario B, despite their close
association in eruption style.
Scenarios D and E are closely related as both scenarios begin with a
magmatic phase, with Scenario E transitioning to phreatomagmatic
while Scenario D remains solely magmatic. The transition was assumed
to occur when a magmatic vent that was originally on land intersects
with harbour waters in AVF, thus Scenario E represents a subset of Scenario D's results. The spatial probability map for Scenario E is a strip
around the coast as wide as the vent radius (of Scenario E), which designates the possible area where the vent could move into the water
source (the sea) and result in the transition to a phreatomagmatic eruption. On the other hand, Scenario D's map does not consider a strip of
land around the coast with the width of the vent radius, as activity on
the strip would likely not be purely magmatic and would transit to a
phreatomagmatic eruption.
For eruptions with the same eruption style (Scenarios B, F and H),
Scenario F generally has the highest probability while Scenario H has
the lowest probability of occurrence per location. Despite its lower occurrence probability, Scenario H could have serious consequences. It
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Fig. 6. Stacked bar chart indicating the relative probabilities for each land-based scenario at the intended locations per scenario (e.g. LA denotes Location of scenario A). For Locations B, F
and H, the probabilities are separated by their volume likelihood. Volume likelihood is not considered for the other locations and thus we only consider the relative probability of Scenario B
(“B (F,H)”) for locations A, D and E. For example, at Location B, the relative probabilities of B, F, H as well as D can be observed (the relative probability of other scenarios are negligible or not
applicable). In contrast, for Location A, where volume likelihood is not considered, the relative probabilities of Scenario B, F and H are presented as one probability (“B (F, H)”).

has the largest eruption volume of the three scenarios and could potentially result in extensive damage from volcanic hazards such as pyroclastic surges. The probability of this scenario is relatively higher in
the critical transport corridor south of the Harbour Bridge
(Bebbington, 2015).
4.3. Scenarios: most likely locations
Fig. 6 shows the estimated probabilities of each subaerial scenario at
the designed locations of the scenarios (i.e. LY indicates the intended location of Scenario Y). The most likely case for four of the six intended
scenario locations (i.e. all except LA and LD) are not those of the intended
scenarios. In other words, the intended scenario locations may be conducive to other eruption styles apart from their parent scenario.
For subaqueous scenarios, the largest scenario probability for the
Scenario C location is that of the parent scenario. In contrast, for Location G, the parent scenario has a very small probability of 0.02 relative
to that of 0.98 for the ‘New’ offshore phreatomagmatic scenario. Thus,
the location has characteristics that are in favour of a phreatomagmatic
eruption instead of a Surtseyan eruption. This is largely attributed to the
water depth, which lies between 5 and 10 m. This is less than that assumed to be the minimum depth for Surtseyan eruptions, and we
have also assumed that phreatomagmatic to magmatic transitions are
only possible in waters shallower than 5 m. The observations for subaqueous scenarios echo the results for subaerial eruptions – that
intended scenario locations can be conducive to other eruption styles.
5. Discussion
The primary contribution of this paper is a methodology that enables
one to recover, from a suitable library of scenarios, some of the objectiveness and uncertainty quantiﬁcation normally the sole property of
probabilistic hazard estimates (Marzocchi and Bebbington, 2012) without losing the detail and ﬁne temporal structure required for emergency
management purposes.
The methodology is primarily limited by the completeness of the
scenario suite. Nine scenarios were considered in our case study, of
which 3 (Scenarios B, F and H) were identical in terms of eruption styles,

and hence further distinguished by volume. There may possibly be
eruption styles that are not captured within the suite of eruption scenarios, and thus not represented in the spatial probability maps from
this study. The volumes of the modelled eruption scenarios are even
less variable, and so may under-represent the true potential range of
erupted volumes. It was acknowledged by Hayes et al. (2020) that the
key purpose for the development of eruption scenarios was to facilitate
example hazard assessments, rather than provide an exhaustive list of
eruption styles and volumes possible in the AVF, and our work inherits
that purpose. Thus the output is a pseudo-probabilistic assessment; in
order to be fully probabilistic, a ‘complete’ (large in number) suite of
possible eruption scenarios would need to be considered. In a sense,
the fully probabilistic hazard assessment is the limit, as the number of
scenarios increases, of our pseudo-probabilistic assessment. While the
suite of scenarios considered here covers the expected range of future
activity from the AVF, it is by no means complete. We are therefore
not presenting a full probabilistic volcanic hazard assessment for the
AVF, but rather a method by which one could be recovered. The methodology presented can be expanded to any reasonably ﬁnite number
of scenarios that cover the full spectrum of potential eruption scenarios
in order to produce a fully probabilistic analysis.
Several criteria were considered by Hayes et al. (2020) in selecting
locations for scenarios, including capturing a geographical spread across
Auckland as well as a range of exposed assets, but our work has shown
that the same locations might beneﬁt from a swap of scenarios to better
represent a more comprehensive understanding of potential hazards
from more likely eruption styles in the AVF. For example, scenarios E
and F might well trade locations (Fig. 6).
Our work opens the possibility of combining the scenario probabilities with numerical hazard models and exposure and vulnerability information, such as population, infrastructure, cultural assets and
future development, to better determine the risk from a possible AVF
eruption. Once individual hazard footprints are calculated from each
scenario at each location and weighted by the probability of that scenario, an overall hazard map can then be constructed by weighting
those results according to a model for vent susceptibility (e.g.
Bebbington and Cronin, 2011; Bevilacqua et al., 2017). The vital step of
calculating hazards from each scenario at each location requires either

10

P.S. Ang et al. / Journal of Volcanology and Geothermal Research 397 (2020) 106871

implementation of computationally efﬁcient, but necessarily less detailed, hazard models (Bertin et al., 2019) or new ideas for smart computation along the lines of statistical emulation (Bayarri et al., 2009;
Rutarindwa et al., 2019), or the approach of Selva et al. (2018) for tephra
fall. Hazard data can also be imported to Riskscape (https://www.
riskscape.org.nz/) (Schmidt et al., 2009), a package that quantiﬁes consequences from natural hazards with hazard, asset, and vulnerability
data. Alternative asset locations and lifeline protective measures can
then be examined to see if the risk is decreased, or at least less
concentrated.
We were fortunate in that we were able to leverage existing
models for some of the eruption style transitions, but still had to
create new models for styles such as a purely magmatic eruption
and the transition from magmatic to phreatomagmatic eruption.
Data and results from the existing models, such as equations and
scenarios, were adopted with their limitations in mind. For example, environmental data as sourced from Kereszturi et al. (2014)
and Kereszturi et al. (2017) may have been exposed to various
methodological limitations and assumptions. These shortcomings,
when relevant, will largely apply to our study. For instance, the distance to fault data in the southern areas of the AVF is not entirely
accurate, considering that faults could have been buried by soft sediments that cover the harder basement rocks and thus not identiﬁed
(Kereszturi et al., 2017). The probabilities of occurrence of eruption
styles that utilise fault data may hence be slightly higher or lower
than actual values (Kereszturi et al., 2017). We recognise that
other controlling factors may be present for eruptions at different
volcanic ﬁelds, which might affect the resultant eruption style, including geothermal activity, magma characteristics and eruption
rate. Further investigation of probabilities assigned for the spatial
occurrence of offshore eruptions, including Surtseyan eruptions,
would be pertinent considering the divergence of opinions revealed
in this study.

6. Conclusion
This study presents a novel synthesis between probabilistic and
scenario approaches to determining hazard in a monogenetic volcanic ﬁeld. The novelty lies in being able to combine any number of dynamic, i.e. time-varying, eruption scenarios that include multiple
volcanic hazards and changes in eruptive style in order to produce
a pseudo-probabilistic assessment that ameliorates the bias inherent
in applying single scenarios. We have incorporated knowledge regarding environmental condition control on possible eruption styles
to derive spatial probability maps that quantify the spatial likelihood
of occurrence of an eruption style. These can be alternatively presented for a single location to show the relative probability of each
of the eruption styles. While many of the designed scenario locations
do intersect with areas of high occurrence probability, reallocation of
scenarios among the locations might better serve the objectives of
hazard management in the AVF. The probabilistic-scenario approach
herein is easily applied to other volcanic ﬁelds if enough data regarding past eruptions and geology, along with a suite of scenarios, are
available. Further work may be required to ﬁll in the details of the
probability tree.
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