
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=tnzg20

New Zealand Journal of Geology and Geophysics

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/tnzg20

The geological history and hazards of a long-lived
stratovolcano, Mt. Taranaki, New Zealand

Shane J. Cronin, Anke V. Zernack, Ingrid A. Ukstins, Michael B. Turner, Rafael
Torres-Orozco, Robert B. Stewart, Ian E. M. Smith, Jonathan N. Procter,
Richard Price, Thomas Platz, Michael Petterson, Vince E. Neall, Garry S.
McDonald, Geoffrey A. Lerner, Magret Damaschcke & Mark S. Bebbington

To cite this article: Shane J. Cronin, Anke V. Zernack, Ingrid A. Ukstins, Michael B. Turner,
Rafael Torres-Orozco, Robert B. Stewart, Ian E. M. Smith, Jonathan N. Procter, Richard Price,
Thomas Platz, Michael Petterson, Vince E. Neall, Garry S. McDonald, Geoffrey A. Lerner, Magret
Damaschcke & Mark S. Bebbington (2021) The geological history and hazards of a long-lived
stratovolcano, Mt. Taranaki, New Zealand, New Zealand Journal of Geology and Geophysics,
64:2-3, 456-478, DOI: 10.1080/00288306.2021.1895231

To link to this article:  https://doi.org/10.1080/00288306.2021.1895231

© 2021 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group

Published online: 17 Mar 2021.

Submit your article to this journal Article views: 1817

View related articles View Crossmark data

Citing articles: 3 View citing articles 

https://www.tandfonline.com/action/journalInformation?journalCode=tnzg20
https://www.tandfonline.com/loi/tnzg20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/00288306.2021.1895231
https://doi.org/10.1080/00288306.2021.1895231
https://www.tandfonline.com/action/authorSubmission?journalCode=tnzg20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=tnzg20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/00288306.2021.1895231
https://www.tandfonline.com/doi/mlt/10.1080/00288306.2021.1895231
http://crossmark.crossref.org/dialog/?doi=10.1080/00288306.2021.1895231&domain=pdf&date_stamp=2021-03-17
http://crossmark.crossref.org/dialog/?doi=10.1080/00288306.2021.1895231&domain=pdf&date_stamp=2021-03-17
https://www.tandfonline.com/doi/citedby/10.1080/00288306.2021.1895231#tabModule
https://www.tandfonline.com/doi/citedby/10.1080/00288306.2021.1895231#tabModule


RESEARCH ARTICLE

The geological history and hazards of a long-lived stratovolcano, Mt. Taranaki,
New Zealand
Shane J. Cronin a, Anke V. Zernack b, Ingrid A. Ukstinsa, Michael B. Turnerc, Rafael Torres-Orozco d,
Robert B. Stewartb, Ian E. M. Smitha, Jonathan N. Procterb, Richard Pricee, Thomas Platzf, Michael Pettersong,
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ABSTRACT
Mt. Taranaki is an andesitic stratovolcano in the western North Island of New Zealand. Its
magmas show slab-dehydration signatures and over the last 200 kyr they show gradually
increasing incompatible element concentrations. Source basaltic melts from the upper
mantle lithosphere pond at the base of the crust (∼25 km), interacting with other stalled
melts rich in amphibole. Evolved hydrous magmas rise and pause in the mid crust (14–
6 km), before taking separate pathways to eruption. Over 228 tephras erupted over the last
30 kyr display a 1000–1500 yr-periodic cycle with a five-fold variation in eruption frequency.
Magmatic supply and/or tectonic regime could control this rate-variability. The volcano has
collapsed and re-grown 16 times, producing large (2 to >7.5 km3) debris avalanches. Magma
intrusion along N-S striking faults below the edifice are the most likely trigger for its failure.
The largest Mt. Taranaki Plinian eruption columns reach ∼27 km high, dispersing 0.1 to
0.6 km3 falls throughout the North Island. Smaller explosive eruptions, or dome-growth and
collapse episodes were more frequent. Block-and-ash flows reached up to 13 km from the
vent, while the largest pumice pyroclastic density currents travelled >23 km. Mt. Taranaki
last erupted in AD1790 and the present annual probability of eruption is 1–1.3%.

ARTICLE HISTORY
Received 28 June 2020
Accepted 17 February 2021

KEYWORDS
Taranaki; andesite
stratovolcano; volcanic
hazard; debris avalanche;
block and ash flow; Egmont

Introduction

Mt. Taranaki (also known as Mt. Egmont) is the young-
est in a NNW-trending chain of volcanoes spanning
∼1.75 Ma to present-day, located in the western North
Island of New Zealand (Figure 1) (Neall et al. 1986).
The 2518 m-high Mt. Taranaki produced eruptives ran-
ging in age from at least 200 ka (Zernack et al. 2011) to
∼AD1790 (Lerner et al. 2019a). This volcano is unusual
in two ways. Firstly, its erupted compositions have sub-
duction-like signatures (Price et al. 1999), yet its location
is difficult to explain in relation to the current New Zeal-
and subduction setting. Secondly, the volcanic edifice
regularly collapses to produce large debris avalanches
(Zernack et al. 2012), before rapidly rebuilding. The cyc-
lic destruction means that the upper stratovolcano
(above ∼1200 m) is much younger than composite vol-
canoes of a similar height (e.g. Ruapehu, Tongariro),
and surrounding volcaniclastic deposits comprise ∼15
times the volume of the upper edifice (Zernack et al.
2011). The hydrous amphibole-rich andesitic magmas

sourced a diverse range of effusive and explosive erup-
tions (Platz et al. 2007; Turner et al. 2008a). Eruption
style variability, coupled with regular cone collapse/
reconstruction cycles, has led to a pattern of highly vari-
able frequency and magnitude eruptions over time
(Damaschke et al. 2018).

Well described distal volcano-sedimentary deposits
and tephra sequences, along with proximal volcaniclas-
tics and lavas show thatMt. Taranaki is an excellent stra-
tovolcano exemplar (Cronin 2013). Its long stratigraphic
record provides a series of unique insights into the
dynamics of long-lived stratovolcanoes, including: mag-
matic evolution, edifice stability, magmatic-eruptive
cycles and time-varying volcanic hazard. In this paper
we review the current state of knowledge of Mt. Tara-
naki, providing the first review since Neall et al. (1986).
Based on information collected over the last 25 years,
we synthesise: (1) how Mt. Taranaki relates to current
subduction and the active volcanic arc of the Taupo Vol-
canic Zone; (2) petrological insights into the formation
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ofMt. Taranakimagmas; (3) patterns of growth, collapse
and evolution of stratovolcanoes; (4) time-varying mag-
matic-volcanic processes and their relationship to hazard
behaviour; and ultimately; (5) what is the current hazard
state ofMt. Taranaki? This review concludes by identify-
ing new hypotheses for the drivers of regular or cyclic
volcanic behaviour at stratovolcanoes and research ave-
nues to answer open questions about the tectonics of the
western North Island.

Geological setting and the origin of
Taranaki volcanism

Continental New Zealand straddles the boundary
between the Australian and Pacific plates. Current

oblique subduction of the Pacific plate begins at the
Hikurangi trough, east of the North Island (Figure
1) (Wallace et al. 2004; Reyners et al. 2006; Stern
et al. 2006). Moving southward, increasingly oblique
motion transitions into transpression on the Alpine
Fault along the west coast of the South Island (Norris
and Cooper 2007). Taranaki is situated along strike
from the change in angle (re-entrant) of the eastern
trench from NE-SW to ENE-WSW and lies
∼150 km westward of the actively spreading Taupo
Rift (and Taupo Volcanic Zone; TVZ), and ∼400 km
west of the active trench.

The Taranaki volcanic region was used as an
example in the seminal paper of Dickinson and
Hatherton (1967) that linked K-content of andesitic

Figure 1. Location map of Mt Taranaki. A. Main structural features of the North Island (NI), New Zealand. Mt. Taranaki is located
∼140 km west of the Taupo Volcanic Zone (TVZ) and Mt. Ruapehu (R). The Hikurangi Trough marks Pacific Plate subduction
beneath the North Island. The Taranaki Basin (TB) is shaded green. The Taranaki Fault (TF) is a Permian crustal-suture. The
white dashed horizontal dashed line is the Taranaki-Ruapehu line, marking a transition in crustal thickness. B. The Taranaki region,
showing the main towns and roads, along with the volcanic structures, and fault zones (IGF, Inglewood Fault; NFF Norfolk Fault;
MF Manaia Fault; OF Oanui Fault). Locations of sample sites and core sites are marked.
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magmas to the depth of the subducted slab. Compar-
ing Taranaki to the low-K andesitic volcanism of Rua-
pehu, Kuno (1966), suggested that deep alkali olivine
basalts form at greater distances from a subduction
trench, compared to tholeiitic melts at the volcanic
front. The current tectonic context of Mt. Taranaki
is actively debated and the driving processes for
magma formation over the last ∼1.75 Ma in this area
are poorly understood.

Four geological features play a role in the origin of
past and present Taranaki volcanism (Figure 1): (1)
the N-S oriented Taranaki Basin; (2) a N-S oriented
deep-crustal suture, the Taranaki Fault Zone, east of
the volcano; (3) the E-W Taranaki-Ruapehu line that
marks a change in crustal thickness; and (4) the sub-
ducting Pacific plate slab that includes the leading
edge of the Hikurangi Oceanic Plateau (Reyners
et al. 2011).

Mt. Taranaki is located within the Taranaki Basin, a
sedimentary basin containing up to 6 km of unconso-
lidated water-saturated Cretaceous-Cenozoic sedi-
ments (King and Thrasher 1996). Near Mt.
Taranaki, the western margin of the basin is marked
by the Cape Egmont Fault Zone, while the eastern
boundary is marked by the Taranaki Fault Zone.
Below these, Mortimer et al. (1997) identified a base-
ment of diorite, gabbro, granitoid and metamorphic
rocks of the Permian-Cretaceous Median Batholith.
This abuts the Brook St. Terrane (a Permian arc)
∼10 km east of Mt. Taranaki. Around 30 km east of
the volcano, a suture zone between the Brook
St. Terrane and the volcaniclastic sandstones of Mur-
ihiku Terrane is marked by the N-S striking, Taranaki
Fault (Figure 1). The fault is seismically detected to the
base of the crust (Sherburn et al. 2006) and represents
a thrust zone ∼8–10 km wide, that has accommodated
over 15 km of dip-slip displacement over the last
∼80 Ma (Giba et al. 2010).

The Taranaki Basin is ∼350 km-long and up to
120 km-wide (Figure 1). It has a history of both exten-
sion and compression (Knox 1982; King and Thrasher
1992, 1996). Initial lithospheric extension and subsi-
dence occurred during the Lower Eocene–Upper Oli-
gocene (30–25 Ma). Back-arc extension began
coincidentally with subduction initiation 500 km to
the east (Stern and Holt 1994). During the Lower Mio-
cene (21 Ma), intra-plate clockwise rotation, around
an axis near present Taranaki, coupled with compres-
sional Alpine Fault motions, led to shortening and
thrust faulting along the Taranaki Fault zone, locally
thickening the crust from ∼25 km to >40 km (Holt
and Stern 1994; Stern et al. 2006). In the Mid Mio-
cene-Pliocene (12-4 Ma) extension propagated from
north to south and was associated with voluminous
offshore volcanism. Gravity and magnetic surveys
show a series of NNE-SSW-trending back-arc rifts
containing large mafic intrusions capped by volcanic

edifices (King and Thrasher 1996; Stern et al. 2006;
Giba et al. 2010). Each edifice represents a large,
long-lived composite medium-K basaltic/andesitic
volcanic system (e.g. Morley 2018). Magmas are
associated with the leading edge of subducting
Pacific plate reaching a dehydration depth (∼100–
150 km) beneath the Taranaki Basin (King and
Thrasher 1996). The migration of rifting, and alternat-
ing extension/shortening followed a clockwise
rotation of the eastern Taranaki Basin relative to a
rigid western block (Stern et al. 2006). Southward
migration of volcanism was gradual and likely related
to slab rollback, with a 10° steepening of the slab (Giba
et al. 2010). A pause in back arc extension in the Tar-
anaki Basin in the Pliocene is attributed to the
southern termination of subduction in southern
North Island (Stern et al. 2006; Giba et al. 2010).
Back-arc extension was then transferred north-east-
ward, initiating the Taupo Rift. Once the Taranaki
Basin extension ceased, associated back-arc volcanism
stopped. The most recent and southernmost
expression of volcanism in the Taranaki Basin is the
<1.75 Ma subaerial Taranaki Volcanic Lineament.
This differs to earlier episodes, because there is little
or no rifting, and the migration of volcanism is slow,
lagging behind the propagation of normal faulting,
which is now at least 80 km farther southward (Giba
et al. 2010).

Along with basin evolution, broader regional
changes within the North Island formed a curved
boundary that separates thinner crust (∼25 km)
within N-NW North Island and thicker crust
(∼35 km) in S-SE North Island. Part of this boundary,
known as the Taranaki-Ruapehu line, tracks west-east
between Mts. Taranaki and Ruapehu (Sherburn and
White 2005; Stern et al. 2006). The crustal transition
spans ∼8 km across the line, but it has no topographic
expression (Salmon et al. 2011). It is thus is interpreted
as a dynamic feature, resulting from ongoing convec-
tive removal of mantle lithosphere from the western
North Island, possibly associated with crustal delami-
nation (Salmon et al. 2011; Dimech et al. 2017). Crus-
tal thinning is compensated by inflow of low density
upper mantle material (Stern et al. 2006; 2013).

The post-1.75 Ma Taranaki Volcanic Lineament
formed during an absence of basin extension, coupled
with an advanced roll-back of the Pacific plate slab.
The present subducting Pacific Plate lies at ∼120 km
below Mt. Ruapehu. Projecting along the Taranaki-
Ruapehu line (∼40° anticlockwise from the general
slab dip) the slab gradually deepens to ∼200 km,
until it reaches the Taranaki Fault Zone (Reyners
et al. 2006; Stern et al. 2006). Up to this point, the
slab comprises the ∼40 km-thick Hikurangi Plateau,
but in front of this lies normal oceanic crust, which
steepens to a sub-vertical dip and slab-earthquakes
disappear at ∼260 km depth (Reyners et al. 2006;
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2011; Eberhart-Phillips et al. 2013). Directly below the
deepest slab earthquakes, rare earthquakes at 600 km
depth may represent a horizontal surface, such as a
foundered detached slab (Boddington et al. 2004).

In contrast to the current TVZ, there is no evidence
of mantle wedge return flow in the Taranaki region. It
may be blocked by the thick upper plate along the Tar-
anaki Fault zone (Reyners et al. 2006), which hinders
magma generation via slab-fluid fluxing of the mantle.
However, a discrete zone of mantle inflow occurs from
the northwest at ∼65 km depth below Mt. Taranaki
(Reyners et al. 2006). This could be a source of fertile
mantle material for magma generation, because it has
already been modified during Miocene-Pliocene sub-
duction. Other suggestions of magma generation
including mantle flow around the southern edge of
the subducting Pacific plate, or through NW-SE
oriented tears within the subducting slab (Reyners
1983; Price et al. 1992), are not supported by recent
geophysical data (Reyners et al. 2006).

Stern et al. (2006) propose an alternative magma
generation model for the post-1.75 Ma volcanism.
They suggest that a lithospheric mantle instability
(cf., Elkins-Tanton and Grove 2003; Elkins-Tanton
2007) formed below the Taranaki Fault Zone. As man-
tle material founders, it dehydrates and flux-melts
highly metasomatised (K-rich) mantle material
above. Fertile mantle material inflow from the north-
west (Reyners et al. 2006) could replace the descending
lithosphere. South of the Taranaki-Ruapehu line, the
crust is much thicker, reducing the opportunity for
magmatism. The slab beneath Mt. Taranaki is very
steep to sub-vertical (Reyners et al. 2006; 2011), and
(Stern et al. 2013) suggested that descending mantle
lithosphere could be sliding down it. Countering this
model, Giba et al. (2010) considers that there is insuffi-
cient space for lithospheric gravitational instability
below the Taranaki Fault. This depends on whether
the 600 km-deep earthquakes beneath Taranaki rep-
resents the front of descending mantle, or a detached
and foundering flat-lying slab. Recently, Dimech et al.
(2017) suggested that the crust is also delaminating
since 5 Ma, rolling from the north along the Tara-
naki-Ruapehu line and coupled with lithospheric
mantle foundering. A several million year delay occurs
between crustal delamination and initiation of high-K
volcanism in other cases (Elkins-Tanton and Grove
2003). Sporadic high-K volcanism occurred in the
western North Island from 3.8 to 1.8 Ma (Briggs
1986), but this was followed by persistent, larger
volumes of high-K volcanism along the Taranaki Vol-
canic Lineament from at least 1.75 Ma (Neall et al.
1986). A 30 mm/yr north to south migration of volca-
nic centres of the Taranaki Volcanic Lineament is con-
sistent with a magma source progressing southward
toward the present position of the Taranaki-Ruapehu
Line (Dimech et al. 2017).

Heat flow in the Taranaki region ranges between 40
and 90 mW/m2 (on average 59 mW/m2; Kroeger et al.
2013), which is only one tenth of the maximum within
the TVZ (700–800 mW/m2) (Stern et al. 1987). There
are no currently active fumaroles, but there are warm
and cold springs with mineralised waters (Allis et al.
1995). A region of high heat flow is located north of
Mt Taranaki. Its source has been modelled as either
a mid-crustal body, ∼500 m thick, that intruded over
the last 0.5-0.3 Ma, or ∼5 km of crustal underplating
over the last 2–4 Ma (Allis et al. 1995; Funnell et al.
1996). Its location is consistent with the influx of man-
tle flow from the northwest seen on seismic tomogra-
phy (Reyners et al. 2006).

Present-day seismicity and principal stress direc-
tions in eastern Taranaki are consistent with a con-
tinuation of TVZ back-arc extension (Sherburn and
White 2006). East of Mt. Taranaki, strike-slip and nor-
mal earthquakes are deep (>25 km), left-lateral trans-
tensional events, associated with the Taranaki-Rua-
pehu line (Sherburn and White 2005). Geodetically
modelled east-west extension across the Cape Egmont
Fault Zone west of Mt Taranaki is estimated at
∼1 mm/yr (Wallace et al. 2004). West of Mt. Taranaki,
earthquakes are 15–25 km-deep and occur in swarms
of right-lateral strike slip or normal earthquake
motions (Sherburn and White 2005). The western
earthquake focal mechanisms and principal stresses
are explained by east-west compressive stress related
to magma intrusion along a N-S oriented dyke system
beneath Mt. Taranaki (Sherburn and White 2006).
Such an intrusion would induce long-term stress
changes west of the volcano, suppressing normal fault-
ing. Sherburn andWhite (2006) suggest that eruptions
that empty dykes may release stress and induce nor-
mal-faulting earthquakes. Pre-historic fault offsets
recorded on faults southeast and northwest of Mt.
Taranaki, are coincident with large eruptions (e.g.
Oanui Fault normal 5 m-displacement over 6.5 ka;
and Inglewood fault oblique-normal 3 m-vertical dis-
placement over 13 ka; Hull 1994, 1996). However, for
magma to rise in this stress regime, it must overcome
compression, and is more-likely to induce thrusting
and transpressive/tensional tendencies.

The Taranaki Volcanic Lineament and Mt.
Taranaki

The Taranaki Volcanic Lineament (TVL) is a chain of
andesite volcanoes, decreasing in age from northwest
to southeast: Paritutu, incorporating the Sugar Loaf
Islands (1.75 Ma); Kaitake (575 ka), Pouakai (210–
250 ka); and Mt. Taranaki (<200 ka) (Figure 1)
(Neall et al. 1986: Price et al. 1999; Zernack et al.
2012). The oldest deposits of Mt. Taranaki are debris
avalanche deposits with an estimated age of ∼200 ka
(Zernack et al. 2012).
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Paritutu volcano comprises Paritutu Rock (156 m
above sea level) and seven Sugar Loaf Islands within
a roughly 2.5 km-diameter circular area. These are
the eroded remnants of dykes, plugs, and volcanic
necks composed of hornblende-andesite (Neall
1979). Seismic reflection, a gravity anomaly
(170 g.u.), and an aeromagnetic anomaly (100–
130 nT) show that the surface outcrops sit above a
3–4 km-diameter cylindrical intrusive complex
extending to ∼6 km-depths (Hunt and Syms 1975;
Locke et al. 1993; 1994). Paritutu is offset to the east
by ∼9 km from the three younger edifices of the
TVL, the centre-points of which define a NNW
(330°) trend. Kaitake, a 684 m high edifice, comprises
a highly eroded central zone, 6 km in diameter, which
hosts hornblende andesite and diorite dykes. The vol-
cano was once larger, with its outer flanks buried by at
least 270 m-thick volcaniclastic deposits from the
younger volcanoes (Neall 1979; Gaylord et al. 2014).
Its gravity (240 g.u.) and aeromagnetic (500 nT)
anomalies indicate an ∼85 km3 intrusive complex at
least 3.5 km in diameter that extends ∼6 km below
the edifice (Hunt and Syms 1975; Locke et al. 1993;
1994). The 1222 m high Pouakai Volcano is centred
9.5 km southeast of Kaitake, and is also deeply eroded
and partly buried. The residual volcano is at least
14 km in diameter and comprises hornblende andesite
and augite-basaltic andesite lavas (Neall et al. 1986).
The gravity (350 g.u.) and aeromagnetic (1100 nT)
anomalies associated with Pouakai are much larger
than the older volcanoes, indicating a stock of
∼150 km3 extending up to 10 km deep, similar to
that of Taranaki (1480 nT) (Locke et al. 1993; 1994;
Locke and Cassidy 1997).

Mt. Taranaki at 2518 m is the second-highest peak
of the North Island. The edifice above 1400 m-
elevation has a volume of ∼12 km3 (Zernack et al.
2012; Zernack et al. 2012). The brittle-ductile tran-
sition zone beneath the volcano lies at ∼10 km
depth, with a low velocity seismic zone present at dee-
per levels (Sherburn and White 2005). A ∼5 km diam-
eter zone below the volcano that extends to 10 km
depth, shows high Vp and low Vp/Vs, and is inter-
preted as mainly solidified intrusive rock (Sherburn
et al. 2006).

The main eruptive vent of Mt. Taranaki over the
last ∼14 ka was the present day summit crater
(Torres-Orozco et al. 2017) (Figure 2). The otherwise
highly symmetrical composite cone is disrupted by a
major parasitic cone, Panitahi/Fanthams Peak
(1952m), which has existed for at least 7 ka (Neall
et al. 1986) (Figure 2). Panitahi is not oriented along
the 330° trend of the TVL, but lies almost due south
of the summit, forming a N-S axis between the two
main vents of Taranaki Volcano. Other satellite
vents are monogenetic. Four flank lava domes occur
(Neall 1971): one pair on the northern flanks (Skinner

Hill and The Dome) are oriented N-S; while the
second vent pair are on the southern edifice flanks
(the Beehives) also on a N-S trend. One further eroded
vent is identified, the Curtis Ridge spatter cone, on the
saddle between Panitahi and the south-eastern flanks
of the summit cone (Turner et al. 2008a).

Above ∼1400 m-elevation, Mt. Taranaki is domi-
nated by andesitic lava flows, with a range of mor-
phologies, including short, thick (>30 m) coulees, and
up to ∼3 km-long blocky lava flows with prominent
levees and ponded zones within valleys (Figure 2).
Multiple radiatingflows descend fromboth the summit

Figure 2. Photos of Mt. Taranaki and deposits. A. View from
the east, with the 1952 m Panitahi (Fanthams Peak) to the
south (left), with the summit cone at 2518 m asl. Note the
thick lava ridge-forming lava bluffs in the right foreground.
B. View into the summit crater from the east, with a crater
rim formed by lava flows (<700 yrs old) and the AD1790
lava dome forming the summit (Lerner et al. 2019a). C. North-
ern flanks of Mt. Taranaki showing thin, valley fill lava flows
with distinctive levees. D. View south to Panitahi cone (Fan-
thams Peak), dominated by lava spatter. In the right fore-
ground is a pumice-rich pyroclastic density current deposit
formed during the AD1655 Burrell eruption episode (Platz
et al. 2007). E. Typical lava-dominated clast domain (grey)
within the Opua Debris Avalanche (7.5 ka BP) on the southern
ring plain. The field of view in this image is 20 m wide. F. Typi-
cal dome-collapse block-and-ash (BAF) deposits that formed
during the Maero Eruptive Period during the last ∼800 yrs
(Lerner et al. 2019a; Lerner et al. 2019b; Lerner et al. 2019c).
G. Pyroclastic deposits on the SE flanks of the volcano, the pro-
minent pale yellow pumice bed in the centre of the view is a
0.8 m-thick fall phase of the 3.3 ka BP Upper Inglewood erup-
tion episode (Torres-Orozco et al. 2017; 2018).
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and Panitahi. Secular paleomagnetic studies (Downey
et al. 1994) and tephrostratigraphy indicate that the
lavas are <10 ka. Two periods of growth are indicated
by paleomagnetizm; a series between 7000 and 2800
yrs and a younger suite aged between 700 and 400
yrs. The youngest set of flows radiate out from the
uppermost summit crater rim. Stacks of multiple thin
(<10 m) flows with similar compositions occur in
many sectors, with paleomagnetic evidence showing
that each sequence accumulated rapidly (Downey
et al. 1994). The summit hosts a half-sectioned lava
dome, formed by a steep, collapsed western flank,
along with a crater basin around the remaining sides
(Platz et al. 2012). This lava dome formed during the
last known eruption of Mt. Taranaki, at AD1790 ± 10
yrs (Lerner et al. 2019a). At ∼1400–1500 m, a slope-
break occurs and a series of very thick lava flows (50–
100 m) form prominent ridges with tephra cover beds
indicating ages of >5000 to <14000 yrs B.P. (Figure 2)
(Turner et al. 2011a; Torres-Orozco et al. 2017).
Lavas pass downslope into volcaniclastic sediments,
distributed in a radial drainage network to form a
ring plain.

Petrology and geochemistry of Mt. Taranaki
eruptives

Mt. Taranaki has erupted basalt, basaltic-andesite and
andesite compositions (Figure 3). Published studies
have focused mainly on cone lavas (<10 ka) (Price
et al. 1992, 1999; Stewart et al. 1996), lava clasts within
debris avalanche deposits (<200 ka) (Zernack et al.
2012), and xenoliths within lavas (Gruender et al.
2010; Price et al. 2016).

Taranaki lavas range from vesicular, red and black
scoria through non-vesicular to holocrystalline, por-
phyritic basalt, basaltic andesite and hornblende-
andesite lavas (Neall et al. 1986; Price et al. 1992,
1999; Zernack et al. 2012). Most rocks contain 20 to
55% phenocrysts (up to 70% in some andesites). Phe-
nocrysts are typically 0.5–0.8 mm long, rarely up to
3 mm-long and very rarely hornblende can be several
cm in length. Glomerocrysts (up to 5 mm-diameter)
are common and comprise clinopyroxene, titanomag-
netite, plagioclase and olivine, with lesser orthopyrox-
ene and amphibole.

Basalts contain phenocrysts of plagioclase, clino-
pyroxene, titanomagnetite and olivine in a ground-
mass of brown, cryptocrystalline glass with
microcrystalline plagioclase, clinopyroxene and tita-
nomagnetite ± olivine ± orthopyroxene. Apatite is a
common accessory phase and hornblende and ortho-
pyroxene are minor constituents, with phlogopite
very rare (Gow 1968; Neall et al. 1986; Stewart et al.
1996; Zernack et al. 2012). Basaltic andesites are petro-
graphically similar to the basalts but span two end
memberw from pyroxene-basaltic andesites to

amphibole-basaltic andesites (the latter containing
up to 30% amphibole). The andesites are dominated
by plagioclase and amphibole with <20% of samples
containing significant modal clinopyroxene. Higher-
silica andesites, (e.g. the summit dome) also contain
biotite in a groundmass of cryptocrystalline
(<0.05 mm), plagioclase, pyroxene and
titanomagnetite.

In all lavas, plagioclase (10–40% of the phenocrysts)
shows strong oscillatory zoning, along with sieved-
textured cores, resorption zones as well as normal
and reverse zoning. Cores range from An90 to An55
and rim compositions extend to An30 (Stewart et al.
1996). In basalts and some basaltic andesites, clinopyr-
oxene and plagioclase are in similar proportions and
clinopyroxene shows both sector and oscillatory zon-
ing with higher Mg cores and Fe-rich rims. Clinopyr-
oxeneMg#s (mol. Mg/ Mg + Fe) vary from 0.69 to 0.87
(Stewart et al. 1996; Price et al. 1999; Zernack et al.
2012). Clinopyroxene is closely associated with iron
oxide, which is also common as inclusions in olivine,
clinopyroxene and plagioclase (Zernack et al. 2012).

Iron oxide is ubiquitous in all rock types and is pre-
dominantly titanomagnetite (ulvöspinel with 3–10%
wt.% TiO2) comprising 5–10% of phenocrysts and
exhibiting variable degrees of solid state exsolution
(Turner et al. 2008b). Chrome spinel occurs as
inclusions in olivine and as discreet groundmass
grains (Neall et al. 1986). Ilmenite is rare.

Amphibole (0–20% of phenocrysts) commonly has
reaction rims of microcrystalline titanomagnetite and
clinopyroxene, with variable thickness. Completely
pseudomorphed amphibole crystal shapes are also
common. Most amphibole is pargasitic with rare
grains of magnesiohastingsite or edenite (classification
of Leake et al. 1997). Amphibole crystals show Mg-Fe
zoning, but core and rim compositions differ in Al2O3

and TiO2 concentrations (Zernack et al. 2012). Olivine
is normally zoned and compositions vary in the range
Fo86-61. Orthopyroxene in most Taranaki basaltic
rocks occurs as rare, crystals up to 5 mm-long mantled
by clinopyroxene (En74–79), and as a minor com-
ponent in glomerocrysts and groundmass (En60–66)
(Stewart et al. 1996; Zernack et al. 2012).

Groundmass assemblages are dominated by plagio-
clase, titanomagnetite and clinopyroxene and intersti-
tial glass, with rare olivine, orthopyroxene, amphibole,
phlogopite and apatite. Groundmass glass compo-
sitions range from 52 to 75 wt.% SiO2, with slightly
higher values in glass inclusions (58 to 76·5 wt.%
SiO2) within hornblende and clinopyroxene pheno-
crysts (Zernack et al. 2012).

Panitahi (Fanthams Peak) lavas are distinct in
petrology and composition from the Taranaki sum-
mit sourced flows. They are largely porphyritic
(40–50% crystals) basaltic andesites (Price et al.
1992) with small phenocrysts (<0.5 mm). They
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contain higher contents of olivine (10–20% of phe-
nocrysts), but are dominated by either clinopyrox-
ene, titanomagnetite or plagioclase with rare
hornblende. Other textural features are similar to
the summit cone lavas.

Xenoliths within Taranaki lavas and pyroclastics
are common and include hornfels, amphibolitic
gneiss, garnet gneiss and granite-granodiorite sourced
from the underlying Median Batholith basement,
along with shallow sediments and subvolcanic

intrusive lithologies, including gabbro and related
cumulates (Gruender et al. 2010; Price et al. 2016).

Older (pre-100 ka) compositions include a greater
proportion of more primitive basalts and basaltic
andesites than cone lavas (Zernack et al. 2012). Overall
the Taranaki lavas are chemically classified as mainly
high-K basaltic andesites and andesites (Figure 3).
They show relatively low Mg numbers [mol. MgO x
l00/(mol. MgO +mol. FeO)] (<52; Price et al. 1992)
and low Ni and Cr contents (<40 and 100 ppm,

Figure 3. Summary chemical plots for Mt. Taranaki and comparative rock suites (data from Price et al., 1992; 1999; 2005; 2021;
Zernack et al. 2012). A. K2O vs. silica plot of Taranaki rock suite, compared to Pouakai and Ruapehu volcanoes. B. K55 plot, showing
the K2O wt% at 55% silica content of each dated rock suite from cone and debris avalanche deposits. C. Chondrite-normalised Rare
Earth Element (REE) plot for a subset of Taranaki andesites, including summit lavas (<1 ka), Panitahi (Fanthams Peak) lavas, debris
avalanche (DA) hosted rock from young and old ring plain deposits, compared to Pouakai and Ruapehu volcanoes. D. Trace
element abundances for a subset of Taranaki andesites, compared to Pouakai and Ruapehu suites.
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respectively), which indicate that even the most primi-
tive erupted compositions are not primary melts. The
least evolved magmas are modelled by Stewart et al.
(1996) and Price et al. (1999) as starting as silica
undersaturated, hydrous, large ion lithophile element
(LILE)-rich high-Mg basalts. Initial fractionation
involved olivine and chromite, followed by clinopyr-
oxene and titanomagnetite in the upper mantle
(Figure 4), resulting in high-Al basalts. Basaltic ande-
site lavas contain dunite, wehrlite and pyroxenite
xenoliths, sourced from depleted upper mantle,
whereas the andesites contain only lower crustal xeno-
lith suites (Gruender et al. 2010). The second fraction-
ation stage occurs as more evolved magmas
assimilated mafic cumulates or mushes at the base of
the crust (Figure 4). High-K (up to 6 wt.% K2O) rhyo-
litic-trachytic glass, found within lower crustal xeno-
liths (meta-hornblende pyroxenite, olivine
hornblende pyroxenite) are evidence for this fraction-
ation step (Gruender et al. 2010). A third stage occurs
as magmas rise through the crust and fractionate clin-
opyroxene + plagioclase + amphibole + magnetite to
produce more evolved compositions and associated
gabbro cumulates (50% clinopyroxene, 45% plagio-
clase and 5% titanite; Gruender et al. 2010; Price
et al. 2016). During this stage, plagioclase is concen-
trated in the mobile residual melt and magnetite,
often associated with clinopyroxene and amphibole
settle (Figure 4). Crustal assimilation throughout this
stage is minor. The last fractionation step occurs in
the shallow crust, where drier melts evolved to andesi-
tic compositions, and may mix (Figure 4) (Price et al.
1999; 2016). In more hydrous melts, fractionation of
amphibole (and biotite) drives compositions towards
the dacite field and generates higher incompatible
element and K-contents.

Compared to the contemporaneous central North
Island Mt. Ruapehu andesites (Figure 3), the K2O,
and LILE concentrations, and some high field strength
elements (HFSE) are enriched within the Mt. Taranaki
lavas (Figure 3). Chondrite-normalised light rare earth
elements (LREEs) are enriched relative to the heavy-
REEs (Figure 3). The most primitive Mt. Taranaki
basalt (in Price et al. 1992), shows similar high K2O,
Al2O3, Rb, Ba and Ni concentrations to TVZ dacites
(cf., Graham and Hackett 1987). Mantle-normalised
trace element abundance patterns for Taranaki lavas
are typical of convergent margin magmas (cf., Sun
and McDonough 1989; Kelemen et al. 2005), showing
enriched Cs, Rb, Ba and Th (LILEs) relative to mid
ocean ridge basalt (MORB), along with high LILE/
HFSE and LREE/HREE ratios (Price et al. 1992).
Chondrite-normalised REE patterns of Taranaki
lavas show weak Eu anomalies (Zernack et al. 2012),
indicating limited plagioclase fractionation, late plagi-
oclase fractionation, or plagioclase fractionation under
conditions of high oxygen fugacity. The isotope ratio

87Sr/86Sr ratios become slightly more radiogenic over
time (Zernack et al. 2012), but do not correlate with
variations in major and trace element composition
in the Taranaki suite, nor with the narrow ranges in
143Nd/144Nd and 207Pb/204Pb ratios (Price et al. 1992).

Collectively, the compositional data of Taranaki
lavas are most consistent with conventional subduc-
tion-fluid fluxed melting of a depleted mantle wedge.
Parental undersaturated basaltic melts were sub-
sequently modified by fractional crystalisation, but
only minor crustal assimilation (Price et al. 1999)
(Figure 4). LILE abundances in Taranaki basalts and
their silica undersaturated character indicate a low
degree of partial melting (Price et al. 1992). High Ba/
La ratios indicate a significant input of fluids from a
dehydrating subducted slab, but the current data can-
not completely rule out metasomatism via a gravita-
tional mantle instability (Figure 4).

The isotopic similarity of the Taranaki and TVZ
basalts precludes the deepening sourcemodel proposed
by Kuno (1966) and Dickinson and Hatherton (1967).
Themost maficmagmas differ from primitive arcmag-
mas (cf., Tatsumi and Eggins 1995), likely because they
have interacted with lower crustal amphibolitic under-
plate andmush, driving higher incompatible elemental
contents (Stewart et al. 1996; Price et al. 1999). This
process is partly by subsequent fractionation. A sys-
tematic increase in the abundance of incompatible
trace element concentrations (Rb, Ba, Zr) and K2O
occurs over time through Taranaki rocks (Price et al.
1999; Zernack et al. 2012) (Figure 3). The 87Sr/86Sr iso-
tope ratios are at their highest levels within the young-
est samples, but with only a weak systematic
relationship seen for older ones.Oxygen isotopes reveal
typical values for island arcs, with little evidence for
continental crust interaction. Collectively, this infor-
mation indicates that the magmatic system evolved
over time, as temperature gradients increased, along
with underplating of the crust, leading to greater inter-
action with underplated amphibole-rich material.
Xenolith suites (Gruender et al. 2010; Price et al.
2016), show evidence for extensive hydrousmetasoma-
tism of the upper mantle and lower crustal cumulates.
Zernack et al. (2012) and Price et al. (2016) suggested
that ∼200 kyr of magmatism has progressively altered
the crustal thermal state and composition (Figure 4).
Over time, new storage zones were formed various
depths, that increase the complexity of magma mixing
and assembly in the upper crust (10-6 km depth).

The >0.25 Ma Pouakai-sourced rocks (Price et al.
2021), overlap in composition with early Mt. Taranaki
lavas, but have lower K, P, Ba, Rb, Sr and Zr and
higher Sc and V concentrations than the younger vol-
cano. The compositional variation reflects different
degrees of bulk fractionation, with net removal of
amphibole and clinopyroxene and consequent con-
centration of plagioclase phenocrysts. The Pouakai

NEW ZEALAND JOURNAL OF GEOLOGY AND GEOPHYSICS 463



Figure 4. Magma source and processing model for Mt. Taranaki magmas (not to scale). The model outlines the two deep source
scenarios from the literature: (A) fluids released from a deep slab flux into a depleted mantle wedge to form small-degree partial
melts of undersaturated basalt. The deep earthquakes represent a detached foundered slab. Scenario A is favoured by magma
geochemistry (see text); (B) a gravitational instability and lithospheric mantle foundering, with the front generating deep earth-
quakes seen by Boddington et al. (2004). Fluids released from this body metasomatises mantle material drawn in from the north-
west. In the upper system (C) Basaltic magmas evolve and rise by fractionation to accumulate at the base of the crust, gradually
forming an underplate of amphibolite, pyroxenite and gabbro. Assimilation of magmas within this zone produces more evolved
basalts that rise, further differentiate and mix on polybaric pathways to eruption.
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system developed and modified the crust in much the
same way as Taranaki volcano (Figure 4).

Taranaki ring plain and volcanic debris
avalanches

The overlapping volcaniclastic deposit fans that
radially surround Mt. Taranaki are collectively termed
a ring plain that forms much of the Taranaki Penin-
sula, comprising a volume of ∼150 km3 and covering
an area of >2000 km2 (Neall 1979; Alloway et al.
1995; Zernack et al. 2011) (Figure 5). These deposits
are exposed in coastal cliffs, but debris avalanche
deposits extend out to >6–8 km offshore in places
(Alloway et al. 2005; Zernack et al. 2011). The main
landscape-forming units are debris avalanche deposits
formed by major collapses of the volcano flanks (Ui
et al. 1986; Palmer et al. 1991; Procter et al. 2009; Zer-
nack et al. 2009; Roverarto et al. 2014; Zernack 2020).
The edifice collapses form wide fans over the low-relief
paleo-landscape (Procter et al. 2009; Zernack et al.
2009). One or more axes of deposition are marked
by frequent 5–50 m-high mounds forming an irregu-
lar landscape (Palmer et al. 1991; Palmer and Neall
1991; Procter et al. 2009; 2020). Proximal deposits
are highly chaotic diamictons and contain 10–
100 m-long mega-clasts and lithologically-uniform
domains that represent blocks of semi-intact portions
of the cone (Figure 2) (Ui et al. 1986; Roverarto et al.
2014). In distal and lateral margins, the deposits show
a uniform matrix dominated by a poorly sorted mix of
clay and sand, with heterolithologic clasts, including
in-situ fractured clasts and isolated large mega-clasts
that are found >45 km from source (Alloway et al.
2005; Zernack et al. 2009). The clay content of the
matrix is typically 10–15 wt%. Breakage of slide blocks
and comminution of softer, pumice and weathered
clasts during flow generated the matrix phase (Rover-
arto et al. 2014).

Each discrete debris avalanche blanketed between
100 and >350 km2 with 5–50 m of material (Zernack
et al. 2011) (Figure 5). Intercalated between debris
avalanche units are lahar deposits (debris flow and
hyperconcentrated flow units; Zernack et al. 2009),
and nearer to the cone, pyroclastic flow deposits (Ler-
ner et al. 2019b; Lerner et al. 2019c). Using a series of
interglacial marine-cut terraces, peats and tephras, a
stratigraphy of 16 debris avalanche events is con-
structed (Alloway et al. 2005; Zernack et al. 2011)
(Figure 5).

Mt. Taranaki sourced deposits wrap around an
older 360 km2 ring plain sourced mainly from Pouakai
volcano (Gaylord and Neall 2012; Gaylord et al. 2014).
The Pouakai ring plain sequence is capped by a
>7.5 km3, 240–210 ka debris avalanche deposit. This
event is attributed to the volcanic pile spreading on
weak, saturated and shallow-dipping Pliocene marine

mudstones (Gaylord and Neall 2012). This mechanism
contrasts with internal-edifice failures associated with
Mt. Taranaki (Zernack et al. 2009; 2012).

The oldest recognised Mt. Taranaki debris ava-
lanche deposits outcrop along on the northern coast-
line between western New Plymouth to Onaero
(Figures 1 and 5). The Mangati Formation (Zernack
et al. 2011), overlies the Ngarino marine bench,
formed at ∼210 ka (Pillans 1983; 1990). It is covered
by peat with interbedded tephra, and the Motunui
debris avalanche deposit (Alloway et al. 2005). The
Motunui unit is cut by the tread of the Rapanui marine
terrace (∼127 ka; Pillans 1983; 1990). The youngest
north-distributed Okawa debris avalanche deposit is
mapped between Inglewood to a broad fan centred
around Waitara (Alloway et al. 2005) (Figure 5).
Using pollen records Alloway et al. (2005) estimated
its age at ∼105 ka.

A group of debris avalanche deposits aged between
∼90 and 60 ka, are exposed along the south (Oeo) and
southeastern coast (Waingongoro, Waihi, Tokaora) as
well as within boreholes to the east of Mt. Taranaki
(Figure 5). The Oeo unit (∼90 ka) overlies the Inaha
Marine bench (∼105 ka; Pillans 1983; 1990), and is
capped by a buried forest and peat of ∼80 kyr old
(Zernack et al. 2011). Waingongoro and the overlying
Waihi units are separated only by a thin paleosol, but
separated from the lower Oio unit by a thick stack of
weathered tephra, sand and peat. The ages of the
two units are stratigraphic estimates of 75 ka (Wain-
gongoro) and 70 ka (Waihi) (Zernack et al. 2011).
Above pumice-rich hyperconcentrated flows, fluvial
sands and pebble beds, the Tokaora debris avalanche
unit is estimated at ∼60 ka (Zernack et al. 2011).

The ∼55-30 ka debris avalanche deposits are
exposed along the southern coast. Otakeo, Kaupoko-
nui and Rama units, are interbedded by hyperconcen-
trated flow and peat units. Peat above the Rama unit is
dated at ∼36 ka BP (Zernack et al. 2011). Two younger
units farther south east include the Ihaia unit that
includes 37 ka BP dated wood, and the Te Namu
unit, containing wood spanning 34–37 ka BP in age
(Zernack et al. 2011).

Two closely timed debris avalanche deposits pro-
duce a mirrored deposition pattern over vast areas
east (Ngaere Formation) and west (Pungarehu For-
mation) of the volcano (Figure 5). Fall deposits of
the 25 ka BP >500 km3 rhyolitic Oruanui caldera-
forming eruption of Taupo Volcano overlie the
∼27 ka Ngaere but closely underlies the ∼25 ka Pun-
garehu debris avalanche unit (Alloway et al. 2005; Zer-
nack et al. 2011). Following these events, the two
youngest debris avalanche deposits are exposed to
the south west, including the Motumate (14 ka BP)
and the Opua (7.5 ka BP).

Of the 16 debris avalanches known from Mt. Tara-
naki, three have minimum estimated volumes of
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7.5 km3 (Oeo, Waihi, and Pungarehu), six others are
between 3.5 and 6 km3 (Mangati, Motunui, Okawa,
Waingongoro, Rama and Ngaere), three ∼2.5 km3

(Tokaora, Otakeho, Opua), and three are <1 km3

(Kaupokonui, Ihaia, Motumate). The flows ran out
at least 25–46 km from source (Alloway et al. 2005;
Zernack et al. 2011). The largest deposits are equival-
ent to at least 60% of the present volume of the Mt.
Taranaki edifice above ∼1400 m-elevation. The unit
distributions imply that collapses occurred from all
directions of the edifice (except the buttressed
northwest).

Mt Taranaki shows strong pre-conditioning factors
for volcanic slope failure, including: steep slopes, weak
pyroclastic deposits, very high rainfall rates, buried
faults and a weak sedimentary substrate. Currently,
evidence of triggering mechanisms for flank collapse
are elusive. There is generally a low proportion of
hydrothermally altered clasts, indicating a lack of per-
vasive hydrothermal weakening of past edifices. Allo-
way et al. (2005) attributes one event, the Ngaere, to
intrusion of new magma based on a widespread
‘blast-deposit’ tephra immediately below it (a Bezy-
mianny-type collapse; Siebert et al. 1987). The
southern-distributed debris avalanches are rich in
pumice, and thus could also have been caused by
intrusions. Additional triggering mechanisms are
suggested by a series of at least 13 major earthquakes
(M6.1 to M6.6) along faults near, or below the edifice

over the last 26 kyr (Townsend et al. 2010). Some of
these events generated ground motions of up to
1.5 m and fault-length ruptures of 25–30 km. These
could trigger ‘Unzen-style’ (Siebert et al. 1987) flank
collapses and debris avalanches without associated
volcanic activity. Debris avalanche distributions are
consistent with a N-S orientation of faulting and
dyke expansion beneath Mt. Taranaki. The collective
∼13.5 km3 collapsed in the closely spaced Ngaere/
Pungarehu events suggests that the edifice was very
large at the time and the first collapse may have desta-
bilised it to generate the second.

The role of glaciers and ice/snow loading is difficult
to evaluate, since most of the upper slopes are post-
Glacial in age. Thick lava buttresses between 1400
and 1000 m around the volcano are similar to ice-
bounded lavas seen on other stratovolcanoes such as
Mt. Tongariro and Ruapehu, but Zernack et al.
(2012) found little temporal relationship between
Mt. Taranaki collapse timing and the major Last Gla-
cial and Interglacial events.

Immediately following debris avalanches, multiple
smaller landslides and lahars occurred as landscapes
rapidly re-adjusted (Procter et al. 2009). The lithology
of lahar deposits show that stratovolcano regrowth
involved periods Plinian eruptions (mainly pumice-
rich deposits), or dome-growth episodes (mainly
dense lava-clasts) (Zernack et al. 2009). Within
∼15 km of the summit, deposits are younger and

Figure 5. The Taranaki ring plain. A. Volcanic geological map of the Taranaki Peninsula showing the main landscape-forming
volcaniclastic units and three Taranaki Volcanic Lineament edifices (K = Kaitake, P = Pouakai, Tar = Taranaki Volcano). B. Map,
ages, volumes and distribution pattern of the 16 debris avalanche deposits (Alloway et al. 2005; Zernack et al. 2011). The colour
bands around the coast show the relative stratigraphy and outcrop patterns for buried overlapping debris avalanche deposits
exposed in coastal cliffs. C. A typical coastal exposure at the location marked with a yellow star in frame B. Opua (Op), Pungarehu
(Pu), Te Namu (TN) and Ihaia (Ih) are deposited here, with interbedded fluvial sands, gravels and conglomerates.
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dominated by mainly dome-collapse pyroclastic flow
units (Block-and-Ash Flow deposits/BAFs) and
associated lahars, such as the ∼8–12 ka BP Kahui For-
mation (Neall 1979; Alloway et al. 1995), and the <1 ka
BP Maero Formation (Neall 1979; Platz et al. 2012;
Lerner et al. 2019b; Lerner et al. 2019c).

Taranaki tephrochronology and cyclic
eruption rate

Fall deposits spanning the last ∼30 ka BP of pyroclas-
tic activity from Mt. Taranaki are preserved mainly
east of the volcano, dispersed by the prevailing wes-
terly winds (Neall 1972; Alloway et al. 1995). With
increasing age, highly weathered tephras are indistinct
and intercalated with volcanic loess deposits on the
oldest landscapes (Alloway et al. 1992). Within post
∼30 ka soils, a stratigraphy of 76 tephras is mapped
within 16 named tephra formations (Alloway et al.
1995). The chemical and petrological similarity of
these tephras, however, hinders ready correlation
and identification of individual units (Cronin et al.
1996; Platz et al. 2007b). Soil sequences record mainly
the largest and coarsest tephras, estimated with
volumes of >0.1 km3 (Alloway et al. 1995). Taranaki
tephras are very widespread, with one unit per
1.4 kyr found in >80 ka-long lake and peat records
within maar lakes in Auckland, 270 km to the north
(Molloy et al. 2009).

A higher resolution tephra sequence is found
within radiocarbon-dated swamp and lake sediment
sequences around the volcano (Figure 1) (Turner
et al. 2008c; 2009; Damaschke et al. 2017a; Damaschke
et al. 2017b). This helped identify regional correlation
errors in earlier soil-based stratigraphy (Damaschke
et al. 2017b) (Table 2), as well as highlighting an
underestimate of eruption rates. The tephras range
from >30 cm-thick med-lapilli pumice units down to
0.5 mm-thick medium ash. Lake Umutekai, north of
Mt Taranaki, revealed 123 eruptions over the last
10 ka BP, and significant time-variability was noted
in the tephra fall rate (Turner et al. 2008c). Adding
the Lake Rotokare record, southeast of the volcano,
and accounting for correlatives using geochemistry
and age-overlaps, Turner et al. (2009), identified a
more-complete record of 138 eruptions over the
same period. Subsequently, with six lake and swamp
sites spanning a 120-degree downwind arc, and
using 50 new radiocarbon dates, Damaschke et al.
(2017a; Damaschke et al. 2017b) identified 228
tephra-producing eruptions over the last 30 ka BP.
Even in this very high-resolution record, some time
periods are covered by only one site, and there is a
major depositional gap in the sequences during the
last Glacial maximum (∼23.5–17.5 ka BP)
(Damaschke et al. 2018). Thus, the true explosive
eruption history remains underestimated. The

increasing resolution provided by successive studies
has preserved a strong time variability of Mt. Taranaki
eruption rates, showing it is a real feature of the volca-
nic system and not a preservation bias (Figure 6A).

Some time-variability in eruption rates may relate
to eruption style variations; i.e. small dome collapse
events (Platz et al. 2007), vs. larger Plinian/sub-Plinian
events (Torres-Orozco et al. 2018). In dome-collapse
events, tephra deposition is localised (Druce 1966;
Platz et al. 2007; 2012). To overcome this, Turner
et al. (2008b) distinguished dome-forming events
from sub-Plinian/Plinian eruptions using exsolution
textures in titanomagnetite grains. Slow-rising mag-
mas in conduits feeding domes show distinct exsolu-
tion within the ulvöspinel. By contrast, rapidly rising
magmas feeding Plinian-style eruptions are chilled
rapidly with little or no exsolution observed (Turner
et al. 2008b). With dome-related tephras removed
from the sequence, there is a strong regular variability
in the sub-Plinian/Plinian eruption rate. Over a period
of ∼1500 years, Plinian-style eruptions varied in rate
between ∼5 and ∼14 events/kyr (Turner et al.
2008b). This broadly relates to changes in tephra com-
position; with more mafic compositions associated
with the higher eruption-rates (Turner et al. 2011b).
The most silicic and largest volume tephras occur
mainly during periods of low eruption rate. Turner
et al. (2011b) identified that periodic recharge of
new magma to mid-crustal reservoirs could explain
this variability and identified six compositionally dis-
tinct ‘batches’ of magma entering the system over
the last 12 ka BP.

Chemically (and physically) identifying individual
tephras remains difficult, so that tephra sequences
are mainly correlated as compositional groups.
Damaschke et al. (2017a; Damaschke et al. 2017b)
used electron-microprobe determined glass (mainly
SiO2, CaO and FeO) and titanomagnetite chemistry
(mainly MgO, Al2O3, TiO2, and Fe3+) to separate the
post-18 ka B.P. tephras into 12 titanomagnetite com-
positional groups, expanding on the magma batches
defined by Turner et al. (2011a). However, Damaschke
et al. (2017a; Damaschke et al. 2017b) recognised that
the compositional groups do not define a simple
unique temporal sequence; instead compositions
repeat over time and more than one batch may
erupt contemporaneously. Despite this, the compo-
sitional batches define six sequential tephra sequences
within a robust chemical chronostratigraphy (Table
1). Most tephras have trachyandesite to trachydacitic
glass compositions (<67% wt% SiO2), but the thickest
and coarsest units are generally more evolved (∼69–
74% wt% SiO2 in glass). The highest silica glass is
associated with titanomagnetite grains with lowest
Al2O3, MgO and TiO2 and highest FeOtot concen-
trations. Some of the tephra sequences show narrow
ranges in glass and titanomagnetite compositions
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Figure 6. Eruption frequency of Mt. Taranaki and probabilistic eruption forecasts. A. A frequency curve showing the most recent
collective record of tephra eruptions of all types from medial lake and swamp sequences in the eastern Taranaki region
(Damaschke et al. 2018). Note the regular variation in eruption frequency. B. Current annual probabilistic forecast for the next
eruption based on the most recent age data, modelled from the distribution of inter-event times over the last 10 ka B.P. The Pois-
son process assumes random eruption recurrence (flat line). The mixture of Weibulls model is preferred because it accounts for
two distributions of inter-event times seen in the Taranaki data, including short (∼65 years) and long (∼580 years) modes. The
decrease in the eruption probability indicated by the Weibulls model by 2200 reflects transition from the short-interval distri-
bution to that of long-intervals. The red and blue Weibulls curves represent the extremes in age uncertainties of the last eruption
(1780 to 1820). C. Forecast of cumulative probability of eruption from Mt. Taranaki using the same models as for B. The Poisson
process indicates a more rapid progression to eruption after 100 years of quiescence than the mixture of Weibulls models based
on the extremes of age estimates.
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(e.g. E, B; Table 1), whereas most span a wider range of
erupted compositions including some units with high-
silica compositions (e.g. during B and C), and others
more mafic compositions (e.g. during A). Closely
spaced tephra eruptions during sequences C and A,
show titanomagnetites and glass falling into widely
different populations that indicate co-existing but
different pre-eruptive storage and eruption conditions
(Damaschke et al. 2017a). This may reflect the com-
plex polybaric models of magma formation suggested
for Mt. Taranaki (Price et al. 1999; Turner et al. 2011b;
Zernack et al. 2012), and, the possible presence of past
parasitic cones like the present Panitahi (Fanthams
Peak). The first appearance of tephras with distinct
mafic compositions (52–59 wt% SiO2 in glass, plus
high Al2O3 +MgO concentrations in titanomagnetite)
at ∼2.8 ka B.P. is the first definitive evidence of Pani-
tahi (Fanthams Peak) eruptions (Turner et al. 2011b;
Damaschke et al. 2017a; Damaschke et al. 2017b).

The variation in frequency of eruptions over time at
Mt. Taranaki over the last 18 ka BP (Figure 6A) is
more irregular than earlier thought at 1000–1500
yrs, with the lowest frequency periods experiencing
∼5–10 events/kyr, but regular high peaks reaching
25–30 events/kyr (Damaschke et al. 2018). Whether
all of these variations are represented by recharge
remains unclear with present chemical data resol-
ution. Several additional factors may influence erup-
tion rate variability, such as subtle changes in the
crustal stress regime, earthquake events, and the regu-
lar flank collapses that occur at Mt. Taranaki.

The volumes of tephras have been estimated in two
ways. For a small number of units where proximal-
medial deposits are well mapped, volumes from mod-
elled isopachs are estimated (Platz et al. 2007; Torres-
Orozco et al. 2017). However most tephras, are found
only within lake and swamp cores, so statistical
approaches were applied (Green et al. 2016). Statisti-
cally estimated volumes from partial isopachs

presented by Alloway et al. (1995) show that the lar-
gest unit Konini.b erupted 0.26 km3, of tephra, while
others are ∼0.2 km3 (Inglewood.b, Paetahi.a, Tuikon-
ga.d), or >0.1 km3 (Manganui.b, Korito.b, Tariki.e,
Kaponga.f, Koru.a). Green et al. (2016) modelled
volumes based on comparative tephra thicknesses
within local lake and swamp cores, as well as corre-
lated tephras in distal cores in Auckland (270 km
north) and near Ruapehu (∼140 km east). This
showed that the 228 tephras range between 0.2 and
0.07 km3 (Green et al. 2016). There are major errors
involved in these estimates, because many tephras
are represented at only one or two sites, and thickness
variations within sites are common. Despite this,
Green et al. (2016) noted a weak correlation of increas-
ing repose periods with the highest volume eruptions.
Using newly collected field isopach data for <5 ka BP
units, Torres-Orozco et al. (2017), showed that the lar-
gest tephras were likely greater in volume, including
Kokowai at 0.3–0.5 km3, Manganui 0.35–0.41 km3,
Inglewood 0.22–0.24 km3, and Burrell and Kaupoko-
nui at 0.08–0.1 km3. For the largest <5 ka BP erup-
tions, Kokowai and Inglewood, Torres-Orozco et al.
(2017) estimated eruption column heights at
∼28 km, under typical windspeeds of 20–30 m/s.
The Manganui heights were ∼24 km and the others
were all consistent with sub-Plinian events at
∼14 km-high. Calculated mass eruption rates were
107–108 for Kokowai, Inglewood and Manganui, con-
sistent with Plinian eruptions, while the others are in
the sub-Plinian range (cf., Bonadonna and Costa
2013).

Proximal flank pyroclastic sequences and
eruption scenarios

The most detailed insights into the range of volcanic
processes on Mt. Taranaki over the last ∼8 ka BP
come from proximal exposures on the volcano flanks

Table 1. Chemically defined chronostratigraphy of tephras based on titanomagnetite chemical groupings (Tm-group), erupted
from Mt. Taranaki over the last 30 ka BP from Damaschke et al. (2017a, 2017b). Named correlatives can be chemically
matched to cores (although note that the original definitions group several units under the same name). Named units in
brackets are correlated by age, but cannot be identified by their chemistry.

Tephra Seq. Age cal ka BP No of tephras Tm- group
Glass SiO2

wt% Distal correlatives Named tephra correlatives1

F 30-23.5 39 1 > 2, 6, 8 58–71 Eg28.92 Poto
(Tuikonga, Koro, Pukeiti, Waitepuka)

E 17.5-14.0 35 1 55–63 AT203, T19, At2063

Eg13, Eg144
(Kaihouri, Paetahi)

D 14.0-9.5 37 2 > 3, 1, 4, 5, 7 60–71 Eg94

T7, AT191, AT1933

Eg12.3, Eg11.72

Kaponga, Konini, Mahoe

C 9.5-4.0 60 8 > 3, 11, 7, 9 66–74 Eg4–74 Tariki, Kokowai,
(Mangatoki, Waipuku, Kapuni-A)

B 4.0-3.0 17 10 69–73 Kapuni-B, Upper-Inglewood, Lower-Inglewood
(Korito)

A 3.0-0.5 32 11 > 12, 2, 6, 9 52–69 Curtis Ridge5

Maketawa
Manganui-MA to MG

1Alloway et al. 1995, p. 2Shane (2005), 3Sandiford et al. (2001), 4Lowe (1988), 5Turner et al. (2008a)
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above 1200 m (Druce 1966; Neall 1979; Platz et al.
2007; 2012; Turner et al. 2008a; 2011a; Torres-Orozco
et al. 2017). Linking cone-construction to tephra
records is challenging, because lava ages are con-
strained only by few paleomagnetic studies (Downey
et al. 1994; Lerner et al. 2019a). By chemically correlat-
ing pyroclastic deposits intercalated with lava flows on
the flanks with well-dated lake-core tephra records,
Turner et al. (2011a) showed how much of the
upper cone was built by lava flow effusion between 6
and 5 ka BP. This fits with cone re-growth following
the >2.4 km3 Opua Debris avalanche (7.5 ka BP; Zer-
nack et al. 2011). Panitahi cone and associated lavas
were emplaced post ∼3.3 ka BP (Turner et al. 2011a
Torres-Orozco et al. 2018), while the latest episodes
of the summit cone lava flows were emplaced between
1300 and 400 yrs ago (Downey et al. 1994), contem-
poraneously with a highly active period of dome
effusion (Lerner et al. 2019b).

The eastern volcano flanks preserve 53 geologically
distinct eruptive episodes over the last ∼5 ka BP
(Torres-Orozco et al. 2017), nine fewer than within
equivalent lake/swamp records. The proximal
sequences, however, preserve detailed evidence of sep-
arate eruptive phases and coeval processes during
eruption episodes (Figure 2) (Torres-Orozco et al.
2018). On the north-west flanks, Lerner et al.
(2019b) quantify the locus of flank pyroclastic activity
since AD 960, including 11 distinct eruptive episodes
(the Maero Eruptive Period), that match 6–8 tephras
in lake/swamp records. In all cases on the flanks,
deposits of eruption episodes are separated by soils
and other evidence of dormancy for decades or
more. Each episode may include deposits representing
different events that span days to weeks to years. The
flank deposits include spatially dispersed or overlap-
ping coeval and sequential events during eruption epi-
sodes, such as: domes, lava flows, falls, Ballistics,
dome-collapse block-and-ash flows (BAFs), column-
collapse pyroclastic density currents, blasts, surges,
and associated lahars (Figure 2) (Torres-Orozco
et al. 2018).

Almost all known eruption episodes at Mt. Tara-
naki include some form of pyroclastic density current.
Most of these are related to the formation and collapse
of domes to produce BAFs. These range from mar-
ginal gravitational collapse of growing or cooling
domes (Platz et al. 2012; Turner et al. 2018; Lerner
et al. 2019a); large-scale collapses of freshly emplaced
hot domes (Lerner et al. 2019b; 2019d); and deep-
seated collapses of domes or crater-rims generating
blasts from gas-rich dome-interiors (Druce 1966; Ler-
ner et al. 2019b). In all cases the summit crater was the
locus of this activity, and BAFs ran out 5 to >13 km
from source (Platz et al. 2007; Procter et al. 2010).
Typical BAF volumes are 2–4 × 107 m3 and are associ-
ated with minor tephra falls and low-particle density

surge deposits (Torres-Orozco et al. 2017; Lerner
et al. 2019b).

Sub-Plinian or Plinian activity also generated col-
umn-collapse pyroclastic density currents (PDCs)
(Platz et al. 2007b; Torres-Orozco et al. 2017; 2017;
2018; Lerner et al. 2019c). These deposits reflect
unsteady and collapsing eruption columns, and con-
sist of pumice with a wide range of density, along
with dense, juvenile lithic clasts (Platz et al. 2007;
Torres-Orozco et al. 2017; Torres-Orozco et al.
2017). Typical column-collapse PDCs for sub-Plinian
eruptions have volumes and runouts similar to
BAFs. However, a few larger column-collapse PDCs,
associated with the largest Plinian eruptions, have
volumes of >6 × 107 m3, and run out to between 19
and 25 km from source (Torres-Orozco et al. 2017;
Lerner et al. 2019c).

All BAF and column-collapse PDC deposits show
thermo-remanent magnetisation evidence for pyro-
clasts travelling at high temperature, with most
emplaced at temperatures above the Curie-point
(>500°C) (Lerner et al. 2019d). Some flows show
signs of cooling with travel distance, and were
emplaced at intermediate temperatures between 400
and 200°C (Turner et al. 2018; Lerner et al. 2019d).
The largest known column collapse PDC shows temp-
eratures of matrix and clasts at ∼23 km from source of
between ∼300 and >580°C (Lerner et al. 2019c). Sub-
Plinian to Plinian eruptions from Panitahi have more
uniform pumice textures, and likely had steadier erup-
tion columns producing few and small associated col-
umn-collapse PDCs (Torres-Orozco et al. 2017; 2018).
The later phases of some Panitahi eruptions included
spatter-fed lava flows (Torres-Orozco et al. 2018).

The patterns identified in complex pyroclastic
depositional facies in the ∼ 53 eruption episodes of
the last ∼5 ka BP at Mt. Taranaki led Torres-Orozco
et al. (2018) to classify three main sub-Plinian and Pli-
nian eruption scenarios. These include: summit dome
collapse and conduit-decompression; transient sum-
mit conduit clogging and explosive release: and Pani-
tahi open-vent eruptions. These episodes include as
many as ten separate eruptive phases, with one or
more climactic fall-producing events, along with
dome-growth/collapse and associated blasts. The
most complex sequences occurred at the summit
vent. An event-tree approach by Torres-Orozco et al.
(2018) highlights a wide diversity of eruption out-
comes, reflecting vent site, conduit/vent state, and
gas-coupling with the magma. Some of the intra-epi-
sode variability can be directly related to the range
in pyroclast textures and magma compositions. The
complex summit eruptives are more silicic, and also
typically showed large within-episode chemical vari-
ation, for example the AD1655 Burrell Lapilli
(whole-rock SiO2 55–60 wt%, MgO 2.5–3.6 wt%,
K2O 2.2–3.3 wt% Torres-Orozco et al. 2017). The
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more mafic compositions (whole-rock SiO2 48–51 wt
%, MgO 4–7 wt%, K2O 1.2–1.9 wt% Torres-Orozco
et al. 2017) erupted at Panitahi led to simpler open-
vent conditions, with rapid escalation to climactic-
height plumes and rapid decay to fire-fountaining
(Torres-Orozco et al. 2018).

Pumice erupted during each Plinian episode typi-
cally plots within its own array, e.g. on a SiO2 vs.
K2O plot, so they likely represent separate magma
batches (Torres-Orozco et al. 2017). Many of these
variations can be attributed to eruptive sequences tap-
ping progressively deeper zones within a density or
viscosity segregated conduit or shallow reservoir
with segregated crystal-poor magma vs. crystal-rich
mixtures (Torres-Orozco et al. 2018).

Patterns in changing or uniform eruption styles
over time are observed at Mt. Taranaki (Turner et al.
2008a, 2011a). Lerner et al. (2019b) described a series
of events from AD960 to AD1790 with a similar,
narrow range of compositions as the Maero Eruptive
Period. Two sub-Plinian eruptions occurred during
the 11 episodes of this period, but the chemical and
physical diversity between eruptions was less than
observed for the wider record of the volcano. If the
volcano remains within this activity ‘regime’, then
there is possibly a tighter range for the possible future
hazards and a more limited number of scenarios poss-
ible (Lerner et al. 2019b). However, the relatively long
dormancy since the last eruption may indicate that the
recharge and intrusion events that drove the Maero
Eruption Period are over and new activity could take
a different form.

Recognising that the current summit crater is brea-
ched to the west and the active crater is currently cov-
ered by at least half of an unstable lava dome (Platz
et al. 2012; Zorn et al. 2018; Lerner et al. 2019a), future
eruptions must begin with intrusion and collapse of
the summit dome or breaches beneath this. By con-
trast, an eruption vent through the scoria cones on
Panitahi is more readily excavated by rising magma
and gas. Along with onset flank-collapse or debris ava-
lanches of diverse scales and deposition areas, five
eruption scenarios are expected from future eruptions
of Mt. Taranaki (Figure 7), including:

(a) Burrell-Type. A Magnitude 4–4.5 (calculated after
Pyle 2000) (volume 0.1–0.2 km3), summit erup-
tion that may last weeks to a month or more
(e.g. AD1655 AD Burrell eruption; Platz et al.,
2007; Torres-Orozco et al. 2018; and Lerner
et al. 2019b). It begins with rapid dome effusion
and collapses producing hot BAFs that reach 5–
13 km from source. Rise of hot, gas-rich magma
follows dome unroofing and rapidly produces a
sub-Plinian eruption column (15–20 km-high)
with downwind lapilli fall out to ∼20 km from
source and widespread dispersed ash (>250 km).

Small partial column-collapses produce pumice-
rich PDCs out to ∼10 km from source. The later
stages include slow effusion of a summit tholoid,
along with rainfall remobilisation of pyroclastic
deposits into widespread lahars that travel down
many of the radial catchments affected by BAF/
PDCs as well as tephra fall.

(b) Manganui D-Type. This is a Magnitude 4.9–5.0
(volume 0.3–0.5 km3) Panitahi vent eruption
that may last days to weeks (e.g. 2600 yrs BP Man-
ganui-D eruption; Torres-Orozco et al. 2018). It
begins with a rapid vent clearing with Vulcanian
explosions followed by violent Strombolian erup-
tions, which rapidly lead into a climactic sub-Pli-
nian to Plinian scale eruption column (25–27 km)
and widespread lapilli fall reaching ∼30 km as
well as very widespread ash dispersal >250 km
downwind. Partial column collapses may occur
generating PDCs out to ∼5 km from source. As
the eruption subsides, it transitions to fire-foun-
taining and production of minor lava flows. Sub-
sequent rainfall distributes lahars off the flanks
affected by tephra fall.

(c) Upper Inglewood Type. This is a Magnitude 4.7–
5.5 (volume 0.3–0.6 km3) long and complex sum-
mit eruption (e.g. 3300 yrs BP Upper Inglewood
eruption; Torres-Orozco et al. 2018, or ∼10 ka
BP Konini eruption; Damaschke et al. 2017b; Ler-
ner et al. 2019c). This episode may last several
months to years and include several episodes of
summit lava dome effusion and collapse, along
with repeated explosive dome disruption events.
It may include one or more climactic phases
with the largest events producing Plinian-scale
eruption columns (22–27 km), with lapilli fall
reaching 30 km and ash dispersed >250 km. Mul-
tiple repeated BAFs, surges and column-collapse
PDCs occur, with the largest reaching over
25 km from source. Final eruption phases may
include extensive lava effusion with minor ash.
Large, widespread lahars are expected to follow
due to rainfall remobilisation of pyroclastic
deposits surrounding the entire edifice, but
especially in catchments with major valley-fills
of pyroclastic debris.

(d) Pyramid type. This is a Magnitude 2–3 (volume
0.002–0.03 km3) effusive summit eruption that
may last weeks to many months (e.g. AD1790
Pyramid dome eruption; Platz et al. 2012; Lerner
et al. 2019a). The episode involves repeated
dome effusion along with several episodes of
dome collapse producing BAFs out to 5–10 km
from source (Procter et al. 2010). Lava flows
may also characterise phases of eruption, during
high eruption rate of degassed hot lava. Dome
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Figure 7. Eruption scenarios expected for Mt. Taranaki based on reconstructed eruption sequences on proximal and medial pyr-
oclastic sequences. A. Burrell-Type, a 0.1–0.2 km3, summit eruption that may last weeks to a month or more (e.g. AD1655 AD
Burrell eruption). B. Manganui D-Type, a 0.3–0.5 km3 Panitahi vent eruption that may last days to weeks (e.g. 2600 yrs BP Man-
ganui-D eruption). C. Upper Inglewood Type, a 0.3–0.6 km3 long and complex summit eruption (e.g. 3300 yrs BP Upper Inglewood
eruption; or ∼10 ka BP Konini eruption). D. Pyramid type, a 0.002–0.03 km3 effusive summit eruption that may last weeks to many
months (e.g. AD1790 Pyramid dome eruption). E. Staircase type, a 0.02–0.1 km3 effusive summit (or Panitahi) eruption that may
last weeks to months (e.g. the Staircase lava flow sequence).
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collapses may unroof degassed portions of domes
forming short-lived Vulcanian eruption columns
that produce local tephra fall and distal fine-ash
out to >30 km from source, along with localised
(<5 km) PDCs.

(e) Staircase type. This is a magnitude 3 (volume
0.02–0.1 km3) effusive summit (or Panitahi) erup-
tion that may last weeks to months (e.g. the Stair-
case lava flow sequence; Downey et al. 1994). This
sequence is associated with small phreatic and
vulcanian eruptions that open the vent area, fol-
lowed by fire-fountaining fed lava flows that
escape the low points in the summit crater and
follow major valleys to form staked sequences of
lavas extending 2–5 km down slope. A tholoid
may form over the vent in the final stages.

Probabilistic hazard forecasting

The geological record at Mt. Taranaki has been used
for two types of probabilistic hazard assessment. The
first of these involved the record of volcanic flank col-
lapses (timing and volume) to forecast the size and
timing of the next debris avalanche (Zernack et al.
2012). The chemical composition over the lifespan of
the volcano shows a steady evolution in composition,
with a generally rising K2O content. Each debris ava-
lanche deposit appears to represent a separate suite
of magmas erupted over this evolutionary pathway
(Zernack et al. 2012). Assuming a constant supply of
magma and constant basement conditions over the
long term, and noting no correlation between the tim-
ing of collapse and glacial cycles, the stability of the
Mt. Taranaki edifice was assumed to be a function of
steady state growth to an unstable size. Thus over
time, the chances of collapse rise as the volcano
grows, with increasing time intervals associated with
larger-volume collapses. Using the past volumes and
ages estimates of collapses, an envelope defining the
maximum potential size and time between all past col-
lapses was established (Zernack et al. 2012). The calcu-
lated average magma extrusion rate over the last
130 ka was estimated at 0.45 km3/kyr. The edifice stab-
ility limit (maximum possible size of a collapse) is esti-
mated from the envelope at ∼15.5 km3 and thus the
maximum time between collapses is on the order of
30–35 kyr. Based on the present position in relation
to this stability limit, the current maximum size of col-
lapse possible is 7.9 km3, with a collapse almost certain
by 16.2 kyr from now (Zernack et al. 2012). Based on
modelling the collapse event history with a Weibull
distribution, the current annual probability of a col-
lapse is ∼0.02%.

The second probabilistic forecasting work rests on
high-precision tephra records (Turner et al. 2008c;
2009; Damaschke et al. 2018; Lerner et al. 2019b).

The statistical distribution of the length of dormancy
periods between eruptions shows a bimodal distri-
bution, with both short and anomalously long repose
periods. The eruption record is simulated using a
renewal model that relies on a mixture of Weibull dis-
tributions (fitted to each repose-period mode) Turner
et al. (2008c). The most recent version of this model
contains one distribution with a short mean repose
period of 65 years, and a secondary distribution with
a mode at 580 years (Damaschke et al. 2018). The
renewal assumption means that the estimated likeli-
hood of an eruption varies with time elapsed since
the last eruption. Since the last eruption occurred at
AD1790, the volcano is still in the short repose distri-
bution. However, the current interval is long and
increasing, hence the chances of this interval being in
the long repose distribution is increasing over time.
This means that the current estimated annual eruption
probability is between 1% and 1.3%, and declining
(Figure 6B). In the next 50 years, the probability of at
least one eruption (Figure 6C) is between 33% and
42% (Damaschke et al. 2018). The annual probability
of a Pyramid type (D) scenario (Figure 7) is near the
average estimate of 1–1.3%, while that of highest mag-
nitude Inglewood type (C), is ∼0.2–0.3%, based on the
volume-size distribution known to date.

The long repose periods at Mt. Taranaki may relate
to cycles of deep magma recharge, as indicated by geo-
chemical variations through the tephra record (Turner
et al. 2011a; Green et al. 2013). The long reposes can
thus be used to divide the record into regimes with
different eruptive characteristics (Bebbington 2007).
Lerner et al. (2019b) described the most recent regime
as the Maero Eruptive Period. This regime may still be
continuing. Based on the chemical stratigraphy seen at
Taranaki, the signal of a new regime beginning would
be the eruption of a large volume of relatively highly
evolved magma compared to the last millennia, fol-
lowed by a return to more mafic products in later
eruptions.

The current eruption record of Mt. Taranaki likely
misses some eruptions. A statistical model to estimate
missing records, using an assumption of a complete
random (Poisson) process controlling eruption onsets
was created by Wang and Bebbington (2012). This
showed that the record of Turner et al. (2009),
which has been significantly improved on by
Damaschke et al. (2018), was at least 86% complete
over the last 7000 years. Major gaps in the older record
(e.g. 18–32 ka BP) remain.

The consequences of any of these eruptions in the
Taranaki region is serious. The region is home to
over 110,000 people, as well as the only producing
New Zealand oil and gas fields, energy resources,
major dairy and meat production, along with fertiliser,
manufacturing, electricity generation and distribution
(McDonald et al. 2017). Focussing on major
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infrastructure settings (electricity grid exit points,
natural gas treatment plants and major milk and ferti-
liser factories) in the Taranaki region, Bebbington
et al. (2008), estimated a 0.01–0.5% annual chance of
shutdowns due to ash fall. Using dynamic economic
models McDonald et al. (2017) estimated the impacts
of three eruptive scenarios, equivalent to the Pyramid
type (D), the Upper Inglewood type (C), and a debris
avalanche equivalent to the most recent Opua event
(3.4 km3). A Pyramid-type eruption, so long as
impacts were contained primarily within the National
Park boundary, induces minor impacts that are reco-
verable within a year after eruptions cease. An
Upper Inglewood-type eruption would generate a >
$200 million impact 1 year after the event, with full
recovery of the economy taking 5 years. The debris
avalanche scenario induces at least ∼$400 million
impact within a year and permanent structural change
to the Taranaki economy, due to loss of productive
land and infrastructure. All of these estimates are con-
tingent on eruptions being brief. The complex long
eruption types inferred from the geological record of
this volcano would lead to much greater conse-
quences. In addition, economic analysis only con-
sidered local Taranaki region impacts. The location
of Mt. Taranaki with respect to the prevailing wind
direction means that most of the highly populous
and economically important regions of Waikato and
Auckland will also be directly affected by tephra fall.

Conclusions and topics for future work

Mt. Taranaki superficially represents a typical conti-
nental arc stratovolcano. Its position in relation to
the current subduction system in New Zealand
suggests it should be fed by subducted-slab fluids
fluxing low-degree partial melts of the mantle wedge.
An alternative model of gravitational mantle instabil-
ity with lithosphere delamination, along with influx of
mantle material from the northwest, is a possible ori-
gin of Mt. Taranaki parental magma. However, the
lava geochemistry leans more strongly towards a direct
slab fluid influence. An obvious future direction of
research is to attempt via geochemical and isotopic
studies to test the two alternative models.

The increasingly incompatible-element rich andesi-
tic magmas at Mt. Taranaki may reflect a progressive
modification of the crust, especially the crust-mantle
boundary. Over time, beneath Mt. Taranaki, crustal
underplating by successive magmas generates high-K
magmas that ascend and pond at various levels in
the crust, crystallising clinopyroxene + titanomagne-
tite + amphibole and plagioclase before erupting a
range of evolved compositions. The compositions of
individual lavas or pyroclastics are strongly related
to the crystal cargo, with glass compositions often
being often out of equilibrium with the crystals.

Gaps in our understanding of this magma generation
model include tight constraints on the depths/press-
ures and water contents of the magmas in storage
regions and the extent of connection or mixing
between individual melt batches. It is also important
to try to characterise the rates of recharge of this sys-
tem and whether its character changes (e.g. an active
crystal mush vs. crystallised cumulates) depending
on magma supply rates. It is further very important
to apply a range of petrological experimental
approaches to establish a link between the pre-erup-
tion storage depth (and age) of magmas that give
rise to the range of eruption types seen at Mt.
Taranaki.

There is a clear time-variability in all aspects of this
volcano’s behaviour, from its regular catastrophic
cone collapses generating debris avalanches, through
to its strong ∼1000–1500 yr cyclic variation in erup-
tion frequency. The collapse cycle requires more
investigation. Loss of >7.5 km3 from the volcanic
edifice and potentially a ∼1000 m-high stack of rock
over the magmatic system should induce changes to
the volcano’s subsequent behaviour. Unfortunately
the age constraints on collapse events is poor. Under-
taking further tephra-debris avalanche correlation
studies and investigation of ages of collapses will
help to tighten the resolution linking the records and
provide more examples of pre- and post-collapse vari-
ations in eruption composition and frequency. The
observed relationship between eruption frequency,
composition and eruption size should provide insights
into the ‘pulse’ of a magmatic-volcanic system. How-
ever, the magmatic models driving this type of behav-
iour are poorly known. Linking the magmatic system
dynamics to the eruption outcomes will help design
new process-driven probabilistic hazard estimates,
which could be more widely applicable to similar
long-lived andesitic volcanoes elsewhere. Targets for
this work are crystal-based studies of tephras and
lavas, including in-situ crystal isotopic and trace-
elemental studies to better understand magmatic
development, crystal storage and eruption timescales.

The volcanic-tectonic relationships at Mt. Taranaki
are largely underexplored. There appears to be a two-
stage migration of volcanism, initially south and then
south-southeast along the Taranaki Volcanic linea-
ment over the last ∼1.75 Ma. However, the resolution
of dates in the older part of the volcanic record is poor.
Understanding the age ranges, especially of Pouakai
and the older record of the Taranaki volcano will
help constrain how rapidly volcanism migrated and
may help understand what source mechanism is con-
sistent with the change. In more recent volcano-tec-
tonic relationships, there seems to be coincidence in
timing reported between past large earthquake
motions both east and west of the volcano and
major eruptions. Further investigation focussing on
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stress modelling is needed to understand how faulting
(hidden beneath the volcanic pile, surrounding it, and
far-field relating to the Taupo Rift), affects the vol-
cano. Understanding the stress state could be highly
useful to understand conditions of flank collapse
(e.g. failure along N-S axes to the east and west seen
in the recent geological record), and also identify
whether aspects of the patterns seen in eruption rate
are tectonically influenced.

The benefits of having one of the most-robust tem-
poral records of volcanism at Mt. Taranaki are unique
for New Zealand. Other stratovolcanoes, such as Rua-
pehu or Tongariro have little chance for equivalent
length and resolution records, due to the lack of suit-
able depocenters in the medial downwind areas.
Further refinement of the Taranaki record requires
finding new deposition records. Along with this,
developing a broader chemical database of tephras,
investigating proxies for eruption volume and magni-
tude and refining models using other isotopic methods
is important as a tracer of the rates of magma supply
and rise. The eruption record could also be improved
by a more concerted effort to link the local tephra
record to distal, older sequences in Auckland maar
craters. Also, now that improved secular paleomag-
netic curves are available for this region, a programme
of paleomagnetic investigation of tephra cores and
lavas, coupled with geochemical studies will be impor-
tant to link on-and off-cone records of volcanism and
improve current eruption scenarios.
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