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ABSTRACT

Ruapehu (150 km? cone, 150 km?® ring-plain) and Tongariro (90 km® cone, 60 km? ring-plain)
are iconic stratovolcanoes, formed since ~230 and ~350 ka, respectively, in the southern
Taupo Volcanic Zone and Taupo Rift. These volcanoes rest on Mesozoic metasedimentary
basement with local intervening Miocene sediments. Both volcanoes have complex growth
histories, closely linked to the presence or absence of glacial ice that controlled the
distribution and preservation of lavas. Ruapehu cone-building vents are focused into a short
NNE-separated pair, whereas Tongariro vents are more widely distributed along that trend,
the differences reflecting local rifting rates and faulting intensities. Both volcanoes have
erupted basaltic andesite to dacite (53-66 wt.% silica), but mostly plagioclase-two pyroxene
andesites from storage zones at 5-10 km depth. Erupted compositions contain evidence for
magma mixing and interaction with basement rocks. Each volcano has an independent
magmatic system and a growth history related to long-term (>10* years) cycles of mantle-
derived magma supply, unrelated to glacial/interglacial cycles. Historic eruptions at both
volcanoes are compositionally diverse, reflecting small, dispersed magma sources. Both
volcanoes often show signs of volcanic unrest and have erupted with a wide range of styles
and associated hazards, most recently in 2007 (Ruapehu) and 2012 (Tongariro).
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Introduction The TVZ is divisible into three segments. The north-

Ruapehu and Tongariro volcanoes are two of the visually
most prominent volcanic landforms of the Taupo Volca-
nic Zone (TVZ), located in the central North Island of
New Zealand (Figure 1). These two volcanoes are treas-
ured by New Zealanders and are of special significance to
Maori (see Gabrielsen et al. 2017). The TVZ itself is the
southernmost, continental part of the subduction-related
arc stretching from New Zealand to Tonga (offshore
called the Tonga-Kermadec arc: Cole and Lewis 1981).
Volcanism and concurrent rifting along the active TVZ
sector of the arc initiated at c. 2 Ma with the eruption
of voluminous andesites, now buried, but penetrated
by drilling at several geothermal fields in the central
TVZ (e.g. Milicich et al. 2020). Prior to this time the
arc, with a sub-parallel trend, passed through the Taur-
anga area, several tens of kilometres to the northwest.
Over about 15 Myr, the arc has rolled back from inter-
secting the Coromandel Peninsula, through Tauranga
to its current position, due to subduction slab steepening
or rollback (Seebeck et al. 2014).

ern and southern segments are dominated by andesitic
volcanism and a central segment is dominated by extra-
ordinarily vigorous rhyolitic volcanism (Wilson et al.
1995). The boundary between the central and southern
segments of the TVZ lies just south of Lake Taupo.
North of this transition there is a markedly higher
rate of mantle melt supply into the central TVZ, leading
to a higher heat flow and rates of magmatism and vol-
canism (Barker et al. 2020). Within the southern seg-
ment of the TVZ, mounts Tongariro (including the
prominent Ngauruhoe cone) and Ruapehu are two
large andesite-dacite stratovolcano complexes that are
central features of Tongariro National Park (TNP;
Figures 2 and 3; Townsend et al. 2017). Coinciding
and interacting with the TVZ is a similarly-sized and
-orientated tectonic structure, the Taupo Rift (Villamor
et al. 2017). Ruapehu and Tongariro lie within the
southernmost extent of this rift, which is locally rep-
resented by nested grabens occupied by the two moun-
tains and their ring-plains.
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Figure 1. A: Location of the Taupo Volcanic Zone, coincident Taupo Rift and the volcanic centres (triangles) in the North Island of
New Zealand. Box shows the area of panel B and maps in Figure 3. B: Hillshade map of Tongariro and Ruapehu stratovolcanoes,

39.2°S

39.4°S

39.3°S

.Nau'clna[ Park.

b i
.

Hauhungalahﬂ

.

| Formation

mounds.

z / | ;
- Ruapeht{ 'ﬁ

syl
/ @
7 Ohakune craters ~Mangawhero
catchment @}\ -
/ & i
9 ud :.3 i @ i 1,2@@@‘- “ Tangiwai

Kilometres
1

North
& fongarir

R
Pukeunake ?

175.7°E

Waiouru &
Hautapu
catchment

|

showing key locations (dots and arrows), faults (annotated lines) and eruptive vents (triangles) described in this paper.

Lake Rotoaira 564 m

Figure 2. Oblique aerial view of the Tongariro National Park area with Ruapehu and Tongariro stratovolcanoes, including the
prominent Ngauruhoe cone (Tongariro), looking south. The Waihi Fault splays are picked out by shadow on the right (west)
side of Tongariro (white arrows). Ketetahi hot springs are labelled ‘k’. Lake Rotoaira in the left foreground. GNS Science photo

by Dougal Townsend.
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Figure 3. A: Simplified geological map of the Tongariro and Ruapehu edifices and ring plains, Cross sections in Figure 5 run along

the line S-N; B: Glacial ice extent and moraines at the stratovolcanoes through time. Maps modified from Townsend et al. (2017).
Key major faults are labelled on Figure 1.

The oldest recorded volcanism in the TNP area  dated materials until eruption of lava forming a
(933 + 46 ka: Cameron et al. 2010) was at Hauhunga-  small inlier on the western side of Tongariro that
tahi, northwest of Ruapehu. There is then a gap in  returned an age of 512+59ka (Pure et al. 2020).
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The oldest dated materials associated directly with the
Tongariro and Ruapehu edifices are around 350 and
200 ka, respectively (Gamble et al. 2003; Pure et al.
2020: see below) and activity has continued through
to the present day. Numerous historic eruptions
have occurred from Te Wai a-Moe/Crater Lake on
Ruapehu and multiple vents on Tongariro, most
recently in 2007 and 2012, respectively. At Tongariro
the most recent eruption was at the upper Te Maari
crater, whereas previous historic events up to and
including 1975 were mostly from Ngauruhoe.

Although there are other andesite centres within
and around the TNP to the north and northwest of
Lake Rotoaira, these have little or no evidence of
post-150 ka activity and are now covered in dense
vegetation with virtually no rock exposure. Studied
in much less detail, these centres are composed of
andesites that are broadly similar in composition to
those of Ruapehu and Tongariro but generally predate
the growth of those cones (Cole 1978; Cashman 1979;
Cole et al. 1983). We thus focus on Ruapehu and Ton-
gariro here as the largest, most recently active and thus
well studied centres.

This paper provides a review of the current state of
geological and geophysical understanding of Ruapehu
and Tongariro volcanoes, and references a wide range
of TNP volcanic literature. The reader is also referred
to Townsend et al. (2017), which includes a map and
detailed text citing key publications related to many
specific features and geological units of these volca-
noes. A digital revision of Tongariro geological units
based on Pure et al. (2020) is underway.

Geological context
Crustal structure beneath TNP

Tongariro National Park sits approximately 75 km
above the subducting Pacific tectonic plate
(Eberhart-Phillips et al. 2020) that ultimately drives
volcanism in TNP through dehydration of the sub-
ducting slab, providing water to the overlying mantle
and promoting melting and magmatism. This melting
produces low V,, zones in the mantle wedge between
the overlying and subducting plates, as seen in seismic
tomographic reconstructions beneath the TNP and
elsewhere along the TVZ (Reyners et al. 2006).
However, tomography results show no low V), zone
southwest of Ruapehu. The absence of low V, in the
mantle wedge above the slab suggests that there is
no upwards return flow in the mantle south of
Ruapehu and likely explains why volcanism stops at
Ruapehu (Reyners et al. 2006; Hurst et al. 2016).
Crustal seismicity indicates that the thickness of
brittle crust is approximately 25km beneath TNP
(below which it is ductile), thickening to 40 km south-
west of Ruapehu (Eberhart-Phillips et al. 2020). Deep

crustal structure in the southern TVZ is characterised
by a complex pattern of shear wave splitting orien-
tations representing structural features such as faults
or pockets of melt (Illsley-Kemp et al. 2019). Fast
orientations, that are typically parallel to the trend of
structural features, are N-S north of Tongariro, but
change to E-W at Tongariro, change back to N-S
beneath Ruapehu and then back again to E-W south
of Ruapehu (Johnson et al. 2011; Illsley-Kemp et al.
2019). These variable orientations reflect the lesser
influence of rifting and more influence of N-S and
E-W fault sets at the southern end of the TVZ (Villa-
mor and Berryman 2006; Illsley-Kemp et al. 2019).

Pre-volcanic (basement) geology

The pre-volcanic basement beneath Ruapehu and
Tongariro consists of metamorphosed Triassic to
Cretaceous rocks. A thin (<1-1.5 km) layer of non-
metamorphosed Tertiary marine sediments sits on
the basement surface beneath Ruapehu, but is prob-
ably not present beneath Tongariro. The metamorphic
rocks at the surface are dominated by quartzo-felds-
pathic greywackes, which comprise the backbone of
both main islands of New Zealand (Mortimer 2004).
The Kaweka Terrane (Adams et al. 2009) crops out
to the east of the park and forms the Kaimanawa
Mountains, while the Waipapa (composite) Terrane
crops out to the west (Beetham and Watters 1985;
Mortimer et al. 1997).

Beneath Mt Tongariro, the greywacke basement top
is modelled from gravity data as a continuous surface
at around 0-500 m below sea level, dipping to the
north (Miller and Williams-Jones 2016; Robertson
and Davey 2018). Gravity models (Cassidy et al.
2009; Robertson and Davey 2018) suggest that the
basement is shallowest (approximately at sea level)
around the Tama Lakes area and deepens again
beneath Ruapehu to 500-1000 m below sea level
(Figure 4C). Seismic refraction studies to the south
east of Ruapehu suggest that the basement becomes
shallower (100-300 m above sea level) towards the
eastern graben-bounding faults. Most models show
the basement dipping gently (<5°) to the north and
south away from the volcanoes, reaching maximum
depths of 1000-1500 m below sea level at the termin-
ation of the TVZ (and Taupo Rift) to the south, and at
the edge of Lake Taupo to the north (Figure 4C; Miller
and Williams-Jones 2016; Robertson and Davey 2018).

Above the greywacke, the Tertiary sediments con-
sist of mudstone plus minor sandstone and limestone
that are exposed in the King Country hills to the west
of the park. These sediments are locally preserved rest-
ing on Kaweka greywacke southeast of the park, but
are not found on the top of the Kaimanawa Mountains
suggesting that they have been eroded from higher
areas (Browne 2004). The density and resistivity of
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Figure 4. Summary geophysical data and models for the TNP stratovolcanoes. A: Reduced to pole, total magnetic intensity
anomaly for Tongariro; modified from Miller and Williams-Jones (2016). B: a model of the extent of the hydrothermal system
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these sediments are similar to overlying altered volca-
nic rocks, making them difficult to isolate in gravity
(Miller and Williams-Jones 2016) and magnetotelluric
(MT) models (Ingham et al. 2009) beneath the volca-
noes. They have good resistivity contrast with unal-
tered volcanic rock, however, and, away from the
volcanoes, they also have good density and resistivity
contrasts with the basement greywacke. Southeast of
Ruapehu, the velocity contrast of the sediments has
allowed them to be imaged by seismic refraction (Sis-
sons and Dibble 1981) as a 300-400 m thick layer
between surface volcaniclastic rocks and basement
greywacke. MT models suggest that these sediments
exist beneath Ruapehu; they are not included in MT
models north of Tama Lakes, however (Ingham et al.
2009; Hill et al. 2015).

Cassidy et al. (2009) combined modelling of grav-
ity, MT and aeromagnetic data to delineate a low den-
sity, low- to intermediate-resistivity and non-
magnetised layer interpreted as Tertiary sediments

(A] S

| 1

that range in thickness from tens to hundreds of
metres beneath the Tama Lakes area. An upper mag-
netised layer, interpreted as the overlying volcanic
deposits, is 800 m thick in the saddle between Tongar-
iro and Ruapehu (Figure 5; Cassidy et al. 2009).

Structure and faulting

Ruapehu and Tongariro lie within major graben struc-
tures that form part of the Taupo Rift, a NNE-
oriented, southward propagating continental intra-
arc structure, active since c. 2 Ma (Rowland and Sib-
son 2001; Villamor et al. 2017; Milicich et al. 2020).
The TVZ (defined from vent locations) and the
Taupo Rift (defined from faulting) are approximately
coincident, such that the TNP volcanoes lie within
the southern limits of the rift, where faulting was
initiated at c. 350 ka (Villamor et al. 2017). Within
the TNP area, the Taupo Rift is divided into two seg-
ments, the Tongariro Graben and the Ruapehu
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Graben, within which the vents of Tongariro and Rua-
pehu volcanoes are respectively situated. These gra-
bens are bounded by the NNE-oriented Waihi and
Poutu normal fault zones (Tongariro) and National
Park and Rangipo Faults (Ruapehu). Notable faults
and fault zones are labelled in Figure 1. They are trun-
cated in the south by the east-west oriented Ohakune
Fault (Villamor and Berryman 2006; Gémez-Vascon-
celos et al. 2017).

Regional and local tectonics play an important role
in the vent locations across the two centres (Nairn
etal. 1998; Conway 2016; Conway et al. 2018; Heinrich
et al. 2020a; Pure 2020). At Tongariro, vents are dis-
tributed along a linear zone from Te Maari craters in
the northeast to Tama Lakes in the southwest. In
five out of seven eruptive episodes at Tongariro during
a particularly active and explosive period from ~11.3
to 11.1 ka multiple vents appear to have been active
at once, with eruptions progressing from north to
south throughout each episode (Heinrich et al.
2020b). Pukeonake, ~6 km west of the linear vent
zone, is considered to be a satellite vent. In contrast,
Ruapehu vents are aligned along a narrower and
shorter NNE-oriented corridor extending from Saddle
Cone in the north, across the summit plateau to at
least the Te Wai a-Moe/Crater Lake vent area in the
south (Figure 1). Ruapehu eruptions since 10 ka
have been exclusively from two closely-spaced vents
beneath the Summit Plateau and Te Wai a-Moe/Cra-
ter Lake, with activity confined to the latter since
about 2.5 ka (Donoghue et al. 1997).

Using aeromagnetic and gravity data, Cassidy et al.
(2009) modelled a NW-SE cross-section south of
Ngauruhoe and proposed a zone of higher-density
volcanic rocks coinciding with the position of the
Waihi Fault. They inferred that the faults beneath
the volcanoes have acted as conduits for magma and
suggest that diking has contributed to extension.
Three-dimensional models derived from more recent
additional gravity data and new 3D interpretations
of the aeromagnetic data (Miller and Williams-Jones
2016; Figures 4D and 4E) do not, however, show resol-
vable dikes along the intra-rift faults. The faults are
interpreted as dominantly tectonic structures, while
shallow magma storage zones or transport pathways
are too small to resolve through geophysics. Away
from the volcanoes, repeating earthquake swarms at
Waiouru and National Park occur on rift bounding
faults and are of tectonic origin. These earthquakes
are associated with (aqueous) fluid movement but
may be modulated by local stress changes caused by
magma intrusion (Hurst and McGinty 1999, Hayes
et al. 2004; Hamling et al. 2016; Hurst et al. 2018).

GOmez-Vasconcelos et al. (2017) combined models
for fault dislocation related to diking with displace-
ment measurements of faults in the Tongariro Graben
to further show that extension is mostly related to
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tectonic activity. Extension rates of 7.0 + 1.2 mm/yr
since 20 ka were determined from a mean vertical
slip rate of 6.2+ 0.6 mm/yr along the faults. Of this
extension, 78-95% is amagmatic while the remainder
is coupled with diking (Gémez-Vasconcelos et al.
2017). A total subsidence of 500-700 m is estimated
on the basement faults from geophysical models (Cas-
sidy et al. 2009; Miller and Williams-Jones 2016). The
late Quaternary extension rate across the faults of the
Ruapehu Graben is 2.3 + 1.2 mm/yr, with a subsidence
rate of 4.1+1.0 mm/yr (Villamor and Berryman
2006). The subsidence rates in both grabens are sig-
nificant for evaluating the climatic and volcanic evol-
ution in the southern TVZ because, if maintained over
the lifetimes of the volcanoes, the original bases of the
volcanoes will have been down-faulted (and buried) by
hundreds of metres during their eruptive histories.

The mountains and ring-plain

The volcanoes of the TNP area take a variety of forms,
including some smaller cones, but are dominated by
the large stratovolcanoes of Ruapehu and Tongariro,
which are surrounded by extensive ring plains consist-
ing of volcaniclastic products and eroded volcanic
material. Several younger satellite cones and craters,
comprise lavas and pyroclastics forming Pukeonake
at Tongariro (Beier et al. 2017), Saddle Cone and Oha-
kune Craters at Ruapehu (Houghton and Hackett
1984; Kosik et al. 2016), and a small vent east of Rua-
pehu close to the Desert Road named Te Roro o Tai-
teariki (named here, for the important place-name at
this location; Ngati Rangi/] Robinson pers comm,
2020).

Evolution and geochronology

The oldest rocks dated at Tongariro are 512 + 59 ka.
They represent a previous, independent edifice now
almost entirely buried beneath the NW flanks of Ton-
gariro (Pure et al. 2020). Volcanism at Tongariro itself
began at ~350 ka (Pure et al. 2020). Combined with
published K/Ar age data (Hobden et al. 1996),
“Ar/*Ar dating of Tongariro lavas (Pure et al.
2020) indicates building of the present edifice had
definitely begun by ~230ka (Figure 6). Townsend
et al. (2017) subdivided Tongariro eruptives into thir-
teen formations (Figure 7) that have now been refined
to ten by Pure et al. (2020) and subdivided into thirty
six members that represent distinct phases of edifice
growth and/or effusive pulses from individual vents
across Tongariro.

In contrast, the oldest dated rocks of the Ruapehu
edifice are only ~200 ka (Gamble et al. 2003). Eruptive
products are divided into four main formations
(Figure 7) at Ruapehu (Hackett and Houghton 1989;
Figure 8) representing sequential phases of edifice
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Figure 6. View looking southwest across Tongariro showing the relationship of ice-bounded lavas and breccia confined to high
topography, and younger draping lavas and pyroclastic deposits that descend into the valley floors. Note also the symmetrical
Ngauruhoe cone, emplaced in a relatively ice-free environment. See Figure 3 for key to rocks labelled in the lower panel. Modified

from Pure et al. (2020).

growth: Te Herenga (200-150 ka); Wahianoa (166-
80 ka); Mangawhero (50-15ka) and Whakapapa
(<15 ka) (Gamble et al. 2003; Conway et al. 2016).
The Mangawhero and Whakapapa formations have
been subdivided into nineteen members based on
their ages and geochemical compositions (Conway
et al. 2016; Townsend et al. 2017). Dating of lava
flows, where possible, has been integrated with cosmo-
genic dating of intercalated moraines (Eaves et al.
2016a). Further refinement of some late Holocene
eruption ages has been achieved by correlating palaeo-
magnetic data with sediment secular variation records
(Greve et al. 2016). Palaecomagnetic data also show that
some Mangawhero Formation lavas captured the
~41 ka Laschamp geomagnetic excursion, placing
tight constraints on their ages (Ingham et al. 2017).

Edifice geology and volcano-ice interaction

The TNP mountains are dominantly composed of lava
(with autobreccia), intercalated with till and minor
pyroclastic deposits (Hackett and Houghton 1989).
The eruptive histories of the current edifices have
coincided with several glacial-interglacial cycles, with
summit ice caps and valley glaciers advancing during
the glacial periods (Eaves et al. 2016b). Volcano

building continued alongside glacial ice (Figure 9A-
C), such that both volcanoes grew in a ‘starfish’
fashion, whereby lava accumulated along ridges (key
ridge and flank growth periods denoted in Figure 7)
and was largely excluded from valleys by glaciers
(Conway et al. 2015; Townsend et al. 2017; Cole
et al. 2018; Pure et al. 2020). This scenario contrasts
with traditional models of edifice building in which
symmetrical cones are formed and then incised by
periods of glacial erosion (e.g. Singer et al. 1997).
Lava that was impounded by ice shows characteristic
chilling and jointing patterns (Spérli and Rowland
2006; Conway et al. 2015), while any eruptives
emplaced over the ice were lost to the ring plain as
debris. At Tongariro and Ruapehu, variations in
edifice growth rates are similar, even though the
volumes were calculated using different methods (cf.
Conway et al 2016; Pure et al 2020). At Tongariro in
particular, growth rates during glacial periods Marine
Isotope Stage (MIS) 6 and 4-2 were only ~20% of
those in interglacial periods MIS 5 and 1, likely due
to conveyance of supra-glacial eruptive materials to
the ring-plain in the glacial periods (Figure 10A,B).
Glaciovolcanic products, particularly ice-confined
lavas, and glacial features such as moraines are ubiqui-
tous on Ruapehu (Figure 9A-C; Conway et al. 2015).
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Figure 7. Volcanic formations of Ruapehu and Tongariro illustrated in time and in space from southwest to northeast. Black boxes
enclose labelled primary volcanic formations (F). Grey boxes represent constituent members of those formations (see Townsend
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(e.g. Conway et al. 2015). The reader is referred to Townsend et al. (2017, Figure 72) for a series of time slice cartoons depicting this

evolution.

Breccias and ice-confined lavas in the Te Herenga and
Woahianoa formations indicate subglacial and ice-mar-
ginal emplacement of eruptive products during the
penultimate glacial period (MIS 6; Conway et al.
2016; Townsend et al. 2017; Cole et al. 2020). More
extensive ice-confined lavas dominate the volcanic
products of the Mangawhero Formation. *°Ar/*’Ar
ages for these lavas, along with their distribution and
morphologies, indicate that valley glaciers descended
to ~1300 m above sea level between 51-41 and 27-
15 ka (MIS 2 and 3: Sporli and Rowland 2006; Conway
et al. 2015; Eaves et al. 2016a, 2016b; Townsend et al.
2017). Subaerial valley-floor lava flows characterise the
Whakapapa Formation and indicate that glaciers
began to retreat at about 15 ka.

Moraines are also preserved extensively on Tongar-
iro, indicating that glaciers filled valleys during the

glacial periods MIS 6 and 4-2 (Eaves et al. 2016a,
2016b; Pure et al. 2020). Additionally, valley glaciers
up to 250 m thick are inferred to have been present
from thickened, valley-marginal lava flows emplaced
around the end of MIS 7 and the transition to MIS 6
(Pure et al. 2020). Subaqueously-emplaced volcani-
clastic deposits intercalated with ice-confined lavas
are also exposed around the summit area of Tongariro,
indicating eruption into an ice cap/summit glacier
during the MIS 5-4 transition (Figure 9C; Cole et al.
2018).

The absence of ice has allowed symmetrical volca-
nic cones to form, such as North Crater and Ngauru-
hoe (in the Holocene) on Tongariro. The early
Holocene cones at Ruapehu, however, were still
impounded to some degree by ice (Townsend et al.
2017). In general, glaciovolcanic interaction is less
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Figure 8. Relationships between ice-bounded lava flows confined to high topography, moraine-bounded glacial valleys, and post-
glacial lava flows in-filling valleys on the north-western flank of Ruapehu (modified from Conway et al. 2015). Aerial photograph
(upper panel) and draped simplified geology (lower panel; see Figure 3 for legend). The snowline is at about 1700m elevation in

this image. GNS Science photo by Dougal Townsend

apparent at Tongariro compared with Ruapehu. A
relationship between subsidence due to rifting,
edifice elevation and ice accumulation is likely to
exist. Tongariro is lower in elevation and its vents
are more dispersed along the rift, which may be a con-
sequence of a longer-lived magmatic system at Ton-
gariro, and/or distributed deformation due to rift
faulting; it is transected by many normal faults
(Gomez-Vasconcelos et al. 2017; Pure et al. 2020).
Ruapehu, on the other hand, has only two closely-
spaced primary vent loci (Conway et al. 2016; Town-
send et al. 2017). The more extensive glaciation at
Ruapehu may be a consequence of it growing taller
and having a rain shadow effect on Tongariro, and/

or loss of snow accumulation potential at Tongariro
through a decrease in elevation by rifting (Eaves
et al. 2016b; Pure et al. 2020).

Ring-plains: pyroclastic, lahar and sector-
collapse deposits

As well as effusive activity, which has dominantly built
the edifices, the TNP volcanoes have also undergone
periods of heightened explosive activity, leading to
the deposition of andesitic tephras intercalated with
fluvial and laharic deposits on the ring-plains.
Edifice versus ring-plain volumes, in cubic kilometres,
are about 150:150 for Ruapehu (Conway et al. 2016)
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A Whangaehu Glacier

obscured) -\'

Figure 9. Examples of eruptive materials comprising the edifices and ring plains. A: Tabular ice-marginal lava flows exposed in the
Whangaehu valley wall, Ruapehu, inferred to have been confined against a retreating Whangaehu Glacier. Some flows have
quenched glassy knuckles and lobes (k), where the lava excavated cavities in the glacier margin, and they overlie or intrude
till (t). The lava (wim) that forms the c. 30 m high waterfall is interpreted to have been emplaced subglacially in a meltwater tunnel
when the Whangaehu Glacier occupied this gorge, creating an internal mould of the tunnel. The rubbly lava flow (wc) is from Te
Wai a-Moe/Crater Lake and was deflected from entering the gorge by the glacier, instead deviating along the higher margin of the
gorge to the left of the photo. GNS Science photo by Dougal Townsend; B: Characteristic cooling fractures orientated perpendicu-
lar to the margin of ice-bound lava, formed by quenching when the lava contacted ice. Photo by Colin Wilson; C: Bedded lapilli tuff
deposits bearing fluidal bombs with quenched rinds. Bombs (b) are aligned parallel to bedding and their basal surfaces scour the
underlying bedding, rather than form impact sag structures. The bombs are ~ 30 cm in diameter. Bedding is lenticular (Ib) and
defined by grain size variations with individual beds well sorted. Traction structures indicate emplacement from water along the
steep summit ridgeline of Tongariro volcano. The lapilli tuffs are interpreted as subaqueous density current deposits emplaced in
meltwater channels confined by a summit ice cap. Photo by Rosie Cole. D: Airfall ash and lapilli aged between c. 25 and 12 ka
mantle blocky distal lava flows (to the left) from Ruapehu volcano near the Desert Road. The bank of tephra at right is about 3 m
high. GNS Science photo by Dougal Townsend.

and 90:60 for Tongariro (Pure et al. 2020). Tephra car-
ried further afield on the prevailing westerly winds has
been preferentially deposited to the east and northeast
of both volcanoes (Figure 9D; Topping 1973).
Radiocarbon-dated rhyolitic tephra layers (Wilson
1993; Vandergoes et al. 2013), mainly from Taupo vol-
cano, provide age constraints for the andesitic tephra
beds and intercalated deposits on the ring plains
(Donoghue et al. 1995a; Cronin et al. 1996a). A com-
plex tephra record extending to >70 ka is exposed on
the eastern ring plain (Donoghue et al. 1995a; Cronin
et al. 1996a, 1997a). Ruapehu contributed the most
pyroclastic material between 25.5 and 11 ka (Bullot

Formation, a non-mapped airfall tephra formation:
Donoghue et al. 1995a). Analysis of Ruapehu tephra
deposits from ~25.5 to 11 ka BP shows a change at
around 13.5ka from eruptions with steady plinian
columns, to eruptions producing pyroclastic density
currents from unsteady columns (Pardo et al. 2012a,
2012b, 2014; Cowlyn 2016). There was an intense
~200-year-long period of large explosive eruptions
around 11 ka from multiple vents between Tongariro
and Ruapehu (Pahoka-Mangamate sequence; Naka-
gawa et al. 1998; Auer et al. 2015, 2016) that has
been linked to rupturing of regional-scale faults and
accelerated rifting (Nairn et al. 1998; Heinrich et al.
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Figure 10. Summary of time, volume and composition variations of mapped units at Ruapehu and Tongariro volcanoes based on
radiometric dating by Gamble et al. (2003) and Conway et al. (2016) for Ruapehu, and Pure et al. (2020) for Tongariro. A: Cumu-
lative erupted volumes of Tongariro map units (left axis) and Ruapehu’s total edifice (right axis), adapted from Pure et al. (2020)
and Conway et al. (2016), respectively. For Ruapehu: TH: Te Herenga Formation, WA: Wahianoa Formation, MA: Mangawhero
Formation, WH: Whakapapa Formation. B: Benthic 6'20 global climate proxy record from Lisiecki and Raymo (2005) with approxi-
mate positions of Marine Isotope Stage (MIS) periods shown. Blue shading indicates periods of valley-filling glaciers and ephem-
eral summit ice caps on Tongariro and Ruapehu as inferred by field geology (Conway et al. 2016; Townsend et al. 2017; Cole et al.
2018, 2019; Pure et al. 2020). C: Chronological variations in K,O for Tongariro (dark crosses) and Ruapehu (red boxes and crosses).
Cross heights show the variation in sample concentrations for each map unit; cross widths show minimum and maximum possible
age range for each map unit. Ruapehu data from Gamble et al. (2003), Conway et al. (2016, 2018), and Tongariro data from
Hobden et al. (1996), Townsend et al. (2017) and Pure et al. (2020). D: As for ‘C’ but for MgO. Thick grey lines show regressions
between Tongariro data points as presented in Pure et al. (2020).



2020a). There is evidence for faster rifting of the
Tongariro Graben propagating from north to south
during this roughly 200 year period (Heinrich et al.
2020a). Gémez-Vasconcelos et al. (2020), however,
found that movement on the Waihi and Poutu faults
was at low levels during this period.

After 10 ka, explosive eruptions dropped in inten-
sity and volume by an order of magnitude, and a
period of relative explosive inactivity began at Rua-
pehu. Many tephras, mainly sourced from Tongariro,
were deposited from 12 to 2.5 ka, and from Ngauru-
hoe between 2,500 and 1,800 years ago (Topping
1973; Donoghue et al. 1995a; Moebis et al. 2011;
Heinrich et al. 2020a). Volcaniclastic deposits
(Kiwikiwi Formation) in the middle Whangaehu
valley on Ruapehu reflect a late Holocene intense
but only weakly-explosive eruption sequence through
Te Wai a-Moe/Crater Lake (Auer et al. 2012), or per-
haps as an initial phase of building the cone that the
lake now occupies. The Kiwikiwi formation overlies
the 5 ka deposits of the Mangaio Formation in the
Whangaehu Valley (Graettinger et al. 2010). The latter
resulted from the inferred sector collapse of a hydro-
thermally altered cone, interpreted to be a predecessor
to the modern cone hosting the lake (Townsend et al.
2017). Most recently, the Tufa Trig Formation (a non-
mapped airfall tephra formation from Ruapehu)
includes ashfall deposits from multiple eruptions
younger than the 1,800 years ago Taupo ignimbrite
from Taupo, through to present. Deposits of the
Tufa Trig Formation are preserved in places through-
out approximately the northern half of the TNP area
and comprise at least nineteen andesitic tephras,
each representing a moderate explosive eruption
(one every ~100 years, on average) through Te Wai
a-Moe/Crater Lake (Figure 9D; Donoghue et al.
1997). Voloschina et al. (2020) add further detail to
the Tufa Trig Formation sequence and explore the
complexity of these eruptions. Preservation bias
favours the identification of large tephra eruptions
over small ones at TNP (as demonstrated in the
work of Voloschina et al. 2020). Moebis et al. (2011)
have shown, however, that the sources of thin and
fine layers of tephra that are preserved on and near
the volcanoes may be distinguished by the major
element geochemistry of the glassy groundmass.

The extensive ring-plains surrounding Tongariro
and Ruapehu have been largely built up from eruptive
products that were transported away by lahars (Figure
3). Cronin and Neall (1997) identified fifteen lahar
sedimentation ‘episodes’ in the north-eastern sector
of the Ruapehu ring-plain, and five on the eastern
Tongariro ring-plain. Further subdivision of Ruapehu
ring-plain deposits has been achieved in the west
(Lecointre et al. 1998) and south (Donoghue and
Neall 2001). During glacial times, an increase in phys-
ical weathering (Cronin et al. 1996a; Cronin and Neall
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1997) and conveyance of volcanic products deposited
on to ice likely contributed to an increased sediment
supply (Pure et al. 2020). On a more recent and smal-
ler scale, lahars were generated by explosive eruptions
involving expulsion of water from Te Wai a-Moe/Cra-
ter Lake and entrainment of snow during the 1995 and
2007 eruptions at Ruapehu (Cronin et al. 1996b; Lube
et al. 2009; Kilgour et al. 2010).

Sector collapses of high stratovolcanoes feed debris
avalanches (Mount St Helens 1980 being the most
spectacular modern example: Voight et al. 1983) and
are another mechanism by which volcanic edifices
become eroded and ring-plains grow. Debris ava-
lanches may also transform with increasing run-out
distances into debris flows and flood flows. Debris ava-
lanches are known to have occurred on both volca-
noes, with the most evident products being the 50-
45 ka Te Whaiau Formation (Lecointre et al. 2002;
Pure et al. 2020) on Tongariro and the 10.6 ka Muri-
motu Formation (Figure 11; Palmer and Neall 1989;
McClelland and Erwin 2003; Eaves et al. 2015) on Rua-
pehu (i.e. the Whakapapa ‘mounds’). Debris flows
from other events (e.g. Donoghue and Neall 2001;
Tost and Cronin 2015, 2016) were channelled for
long distances downstream in several catchments
and are incorporated into ring-plain deposits, includ-
ing those of the Hautapu, Mangawhero, Whakapapa
and Whangaehu rivers. The 349-309 ka Turakina For-
mation distal runout deposits extend >100 km down-
stream from TNP, and it is unclear whether they were
sourced from Tongariro or Ruapehu. Radiometrically-
determined ages of the clasts and clast petrographies
are more indicative of a Tongariro source (Pure
et al. 2020).

Ruapehu structure from geophysical data

A three-dimensional seismic tomography model
(Rowlands et al. 2005) shows a reduction in P-wave
velocity beneath the eastern flank of Ruapehu from 3
to 7km depth (Figures 5 and 12A). Several expla-
nations were put forward including hydrothermal
alteration, partially molten material remaining from
the 1995-96 eruption, downwarping of the crust by
the load of the edifice, and thick deposits of pyroclastic
and laharic material. The resolution is too poor, how-
ever, to favour any one interpretation. Seismic ambi-
ent noise cross correlation shows gradual increases
in shear wave velocity at a rate of ~0.2 km/s per km
depth beneath Ruapehu, interpreted to suggest that
velocity increases from compaction are offset by pro-
gressive hydrothermal alteration (Godfrey et al. 2017).

One-dimensional inversion of MT soundings at
Ruapehu (Ingham et al. 2009) shows a high resistivity
layer at the surface that is a few hundred metres thick,
above a lower resistivity layer, which in turn rests on
higher resistivity material interpreted as greywacke



14 e G.S.LEONARD ET AL.

Te Wai-a-Moe/
Crater Lake

Figure 11. A: View of Ruapehu’s Summit Plateau (SP) and Te Wai-a-Moe/Crater Lake looking north, modified from Townsend et al.
(2017). The collapse of a cone that had formed on the northern summit prior to the Holocene (between the Paretetaitonga and Te
Heuheu peaks) led to the Murimoto Formation debris avalanche (Figure 1) near Whakapapa, possibly as further ice loss debut-
tressed its support. That scarp was then filled in with the early Holocene cone beneath the Summit Plateau. A similar process
in the lead up to the Holocene occurred with the building of a cone in the foreground, which then collapsed to the right (east-
ward). The scar then filled in with a cone, the crater of which is now occupied by Te Wai a-Moe/Crater Lake. B: View of Tongariro
looking north, including the older, eroded Tama Lakes (TL) area lavas and Pukekaikiore (P) cone, and the Holocene cones and vents
of Ngauruhoe (Ng), North Crater (NC), Red Crater (RC). Lakes Rotoaira (LR) and Taupo (LT) are to the north, and Oturere valley (OV)
trends east from the high peaks of the Tongariro edifice. The King Country (KC) lies to the west.
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basement (Figure 12B). The high resistivity surface
layer is interpreted as unaltered surface volcanic
rocks, consistent with high magnetic susceptibility
areas imaged by 3D aeromagnetic inversion (Miller
et al. 2020). The low resistivity layer is interpreted to
be the hydraulically controlled upper limit of a zone
of hydrothermal alteration. South and west of Rua-
pehu, deeper low resistivity layers correspond to the
Tertiary sediments.

Three-dimensional inversion of MT data shows a
vertical, low resistivity sheet-like feature extending to
at least 10 km depth to the northeast from beneath
the summit of Ruapehu. This feature is also consistent
with a lack of seismicity east of the summit, supporting
the interpretation that this conductive zone is a con-
duit for hot fluids, although Ingham et al. (2009) con-
sidered it unlikely that this zone reflects the presence
of magma. However, the depth of the conductor is
consistent with the depths of magma storage derived
from volatile contents of phenocryst-hosted melt
inclusions of 2-9 km (Kilgour et al. 2013), so a mag-
matic source cannot be completely ruled out. The
location of the low resistivity sheet-like feature is
broadly similar to the low V, anomaly reported by
Rowlands et al. (2005). The combined geophysical
and petrological evidence suggest that the conductor
and low V, zone may be evidence for a vertically
extensive magma storage system supplying Ruapehu.

Other MT studies of Ruapehu’s Summit Plateau
(Jones et al. 2008), show a shallow broad, low-resis-
tivity zone underlying the entire plateau, which is
interpreted to represent hydrothermally altered rock.
Within this low-resistivity zone, and beneath the
northern and central parts of the plateau, there are
two localised more resistive regions. These are inferred
to be dominated by chlorite alteration, indicating
higher temperatures and the existence of relict heat
pipe systems from when the active vent was to the
north of the modern Te Wai a-Moe/Crater Lake
(Jones et al. 2008). The shallow conductive layer is
also coincident with material of generally low mag-
netic susceptibility beneath the summit plateau, con-
sistent with the inference of hydrothermal alteration
(Miller et al. 2020).

Inverse models of aeromagnetic data, combined
with analysis of hyperspectral images of Mt Ruapehu
(Miller et al. 2020; Kereszturi et al. 2020) show large
areas of low magnetic susceptibility and of clay min-
erals, interpreted as the products of hydrothermal
alteration, on the southeastern flank of the edifice
and affecting rocks of the Wahianoa Formation
(Figure 4B). A high magnetic susceptibility body
beneath the southern side of the Whangaehu valley
is modelled as a sill and may have been fed by dikes
now visible in the valley walls. A thick sequence of
high magnetic susceptibility material, interpreted as
buried ~150-50 ka lavas, is imaged beneath the

northern flanks of the mountain (Figure 4B). High
magnetic susceptibility bodies are interpreted as unal-
tered dykes intruding the otherwise variably altered Te
Herenga Formation exposed at Pinnacle Ridge. Com-
parison of aeromagnetic data from Ruapehu and Ton-
gariro (e.g. Miller and Williams-Jones 2016) shows
that hydrothermal alteration is more fragmentary
across the whole edifice of Ruapehu compared to Ton-
gariro. This may reflect the more focussed vent sys-
tems feeding long-lived volcanism at Ruapehu,
which concentrates hydrothermal activity at discrete
locations for long periods of time; compared with
the long-term widely-distributed nature of volcanism
at Tongariro, which has resulted in a broader wide-
spread alteration footprint.

Tongariro structure from geophysical data

A shallow low V,, anomaly lies beneath Tongariro vol-
cano, coincident with a large demagnetised, low-den-
sity area to the north of Ngauruhoe as revealed by
aeromagnetic and gravity surveys, and a shallow low
resistivity zone modelled from MT data (Figures 4A
and 12A, B; Rowlands et al. 2005; Hill et al. 2015;
Miller and Williams-Jones 2016). These features are
most likely to be related to the active, vapour-domi-
nated geothermal field and resulting hydrothermal
alteration (Figures 5 and 12C; Miller et al. 2018a).
The demagnetised area, inferred to indicate the extent
of Tongariro’s hydrothermal system, is bounded by
the major rift faults to the east and west, which act
to impede fluid movement (Miller and Williams-
Jones 2016).

MT imaging also reveals a vertically extensive zone
of lower resistivity extending from beneath Ngauru-
hoe to Te Maari at 4-12 km depth (Figure 12). This
zone is comparable in resistivity and depth extent to
that seen in 3D inversions of MT data to the east of
Mt Ruapehu (Ingham et al. 2009), but is better con-
strained by measurements than the anomaly at Rua-
pehu (see above). The deep Tongariro anomaly is
interpreted as a connected crustal magma storage
zone (Figure 5; Hill et al. 2015). Linking the hydro-
thermal system and magma storage zone is a zone of
slightly higher resistivity interpreted as a pathway of
altered or porous rock that enables aqueous fluids to
ascend from depth to the surface (Hill et al. 2015).
This is similar to the interpretation by Ingham et al.
(2009) for the deep conductive Ruapehu anomaly, as
being a conduit whereby hot aqueous fluids are trans-
ported towards the surface. Seismic ambient noise
cross-correlation at Tongariro shows greater shear
wave velocity increases with depth compared with
Ruapehu. These increases are interpreted to represent
multiple zones within the rocks hosting the volcanic
plumbing system above the basement greywacke
(Godfrey et al. 2017).



A low V, anomaly beneath Ngauruhoe extends
from 3 to 8 km depth (Rowlands et al. 2005). Ngauru-
hoe is Holocene in age, which is too recent for any sig-
nificant downwarping of the crust to have occurred.
Remnant partial melt from recent eruptions stored
in small, interconnected pockets is the most probable
cause of this low-velocity volume, consistent with the
wide geochemical variability of recent eruption pro-
ducts (Hobden et al. 1999; Rowlands et al. 2005). A
magnetic high extending to the basement also
coincides with a low-density zone beneath Ngauruhoe
and is interpreted as representing the unaltered con-
duit rocks (Figure 5; Miller and Williams-Jones 2016).

Magma systems

The andesites of Ruapehu and Tongariro have long
been studied as typical products of arc stratovolcanoes
(e.g. Clark 1960; Cole 1978; Graham and Hackett
1987). Major advances have since come from petrolo-
gical studies incorporating isotopic and microanalyt-
ical techniques along with extended radiometric
dating to establish edifice growth histories. New radio-
metric ages are from “’Ar/*’Ar dating of devitrified
lava groundmass samples (Gamble et al. 2003; Conway
et al. 2016; Pure et al. 2020) and extend earlier whole-
rock K/Ar data (Hobden et al. 1996). These data pro-
vide a precise chronostratigraphy within which
magma evolution and andesite petrogenesis can be
evaluated.

Petrological studies of TNP andesite lavas began
with Clark (1960: initial petrographic descriptions,
modal analyses) and Cole (1978: initial geochemical
data) identifying these as typical plagioclase-pyrox-
ene-phyric arc andesites. Subsequent stratigraphically
controlled geochemical studies on Ruapehu were
undertaken by Graham and Hackett (1987) confi-
rming they are calc-alkaline andesites with a moderate
K content. Price et al. (2012) and Conway et al. (2018)
reconstructed Ruapehu’s long-term compositional
evolution. For Tongariro, Hobden (1997) provided
the first detailed geochemical data coupled to radio-
metric dates (Hobden et al. 1996), with the most
recent work by Pure (2020) and Pure et al. (2020)
reconstructing the long-term compositional evolution
of the volcano. Other papers have examined products
of individual vents, particularly the Ngauruhoe cone
(Hobden et al. 1999, 2002; Price et al. 2010). In parallel
with petrological work on lavas of all ages, numerous
papers have dealt with the compositions of post-20 ka
pyroclastic deposits from both volcanoes, although
some focus on tephra correlation rather than petrolo-
gical reconstruction. These are, for Ruapehu: Dono-
ghue et al. (1995a, 2007), Gamble et al. (1999),
Nakagawa et al. (1999, 2002), Auer et al. (2013), Kil-
gour et al. (2013, 2014) and for Tongariro: Nakagawa
et al. (1998), Shane et al. (2008, 2017), Moebis et al.
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(2011), Auer et al. (2015) and Heinrich et al
(2020a). Of these young deposits, the most volumi-
nous were erupted at around 11 ka and involved effec-
tively synchronous eruptions from isolated magma
bodies through aligned but distinct vents that span
~20 km across the Tongariro and Ruapehu systems
(Nairn et al. 1998; Heinrich et al. 2020a).

Most rocks from both Ruapehu and Tongariro are
porphyritic, with phenocryst contents of ~10-40% (in
some cases more) and assemblages dominated by
plagioclase, followed by subequal amounts of ortho-
pyroxene and clinopyroxene, then lesser amounts of
Fe-Ti oxides. Some rocks contain olivine and others
more rarely contain apatite and amphibole. Ground-
masses vary from cryptocrystalline to hypohyaline
and, rarely, glassy. The combined ‘cargo’ of larger
crystals includes phenocrysts and xenocrysts that
show textural evidence for both equilibrium and dise-
quilibrium processes, and carry melt inclusions of
varied compositions: these characteristics are similar
to those of arc andesites globally (e.g. Gill 1981).
Xenoliths of crustal materials, millimetres to
centimetres across, are ubiquitous and of either
meta-sedimentary or meta-igneous origin (Graham
1987; Graham et al. 1988, 1990; Pure 2020).

Lavas from Ruapehu (Price et al. 2012; Conway
et al. 2018) and Tongariro (Hobden 1997; Pure
2020) show similar compositional trends (Figure 13),
but subtle differences. For example, the TAS diagram
(Figure 13A; Le Bas et al. 1986) for Ruapehu and Ton-
gariro show that samples range from basaltic-andesite
to dacite and that Tongariro data are generally
weighted towards more mafic compositions, whereas
Ruapehu samples are generally more evolved. This
contrast reflects differences in crustal processing
(melting, crystallisation and zoning) and magmatic
residence times at the two volcanoes. In the SiO, ver-
sus MgO plot (Figure 13C), the bulk of data from both
volcanoes form an overlapping array, but a high-Mg
suite, dominated by Ruapehu samples (Conway et al.
2018), runs subparallel to this array. Ruapehu high-
Mg lavas were generated by influx of mantle-derived
mafic magmas with entrained primitive olivines,
which rapidly hybridised with mid-crustal felsic
magma bodies prior to their eruption (Conway et al.
2020). Like TAS diagrams, K,O versus SiO, data
(Figure 13D) show overlapping Tongariro and Rua-
pehu arrays, but with Ruapehu samples extending to
higher values. Sr-Nd-Pb isotopic compositions of Rua-
pehu and Tongariro eruptives provide clear evidence
that magmas interacted with Mesozoic metasedimen-
tary basement rocks, probably in the upper 15 km of
the crust (Graham 1987; Hobden 1997; Harrison and
White 2006; Price et al. 2010, 2012; Pure 2020). A
notable distinction between pre- and post-150 ka
lavas at Ruapehu volcano has been made on the
basis of higher and lower '**Nd/"*Nd values,
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Figure 13. Representative figures to show compositional variations from mapped lavas on Ruapehu (blue) and Tongariro (red)
volcanoes, based on data from Conway et al. (2016, 2018) and Pure et al. (2020). The plots are supplemented by published
data from Hobden et al. (1997) for Tongariro, and Price et al. (2012) for Ruapehu. The TAS fields in panel A, defining basaltic ande-

site, andesite and dacite, are from Le Bas et al. (1986).

respectively (Price et al. 2005). This indicates that iso-
topically distinct crustal materials were assimilated in
pre- versus post-150 ka magmas at Ruapehu, which
may in turn reflect the development of a dispersed
magma storage and plumbing system at a variety of
crustal levels over time (Price et al. 2012). Available
isotopic data do not show a comparable pattern at
Tongariro (Hobden et al. 1996; Price et al. 2010;
Pure 2020).

Although time-composition trends on decadal to
millennial scales indicate individual magma batches
were produced via complex and unique combi-
nations of melting, mixing and fractionation (e.g.
Gamble et al. 1999, 2003; Waight et al. 1999), com-
positional data for eruptive sequences at Ruapehu
and Tongariro on longer time scales demonstrate
systematic cyclic variations (Figure 10C, D). At Rua-
pehu, K,O and MgO contemporaneously vary
between 1-3 wt% and 2-8 wt%, respectively, showing
excursions to more evolved then back to less evolved

compositions from 50 to 0 ka (Conway et al. 2016).
Time-MgO relationships for Tongariro reflect cyclic,
volcano-wide mafic magma replenishment events,
which occur over <10-20 kyr periods yielding MgO
concentrations in erupted lavas of ~5-9 wt%, fol-
lowed by decreases over 10-60 kyr to minima of
~2-4 wt% MgO. These variations may be linked to
regional tectonic processes that regulate the connec-
tion between mantle-derived melts and multiple
differentiating intra-crustal magmas (Figure 10D;
Pure et al. 2020). Such cyclicity controls timeframes
over which magmas with typical compositional
ranges are produced in significant volumes (i.e.
>10 km®). Ruapehu displays a similar MgO cyclicity
for high-resolution records from ~50ka to present
(Conway et al. 2018). At Tongariro these variations
are uncorrelated with transitions between low and
high rates of edifice growth (Figure 10D) and
hence are independent of glacial-interglacial cycles
(Pure et al. 2020).



Gamble et al. (1999), Hobden et al. (1999) and
Nakagawa et al. (1999) show that the products of rela-
tively small historic eruptions (<0.1 km®) at Ruapehu
and Tongariro are compositionally varied, reflecting
independent sets of small magma sources of different
compositions distributed through the crust beneath
each volcano. At both volcanoes, small batches of
melt are inferred to have been mixed or mingled
and often have incorporated antecrysts from crystal
mush zones traversed by the mixed melts (Donoghue
et al. 1995b; Hobden et al. 2002; Nakagawa et al. 2002;
Kilgour et al. 2013). Compositions of historic eruptive
products (especially the 1995-96 Ruapehu eruptions:
Gamble et al. 1999) thus show greater diversity than
do those of larger edifice-forming eruptive sequences
(>1 km®) that accumulated over thousands to tens of
thousands of years (Conway et al. 2018; Pure et al.
2020). This compositionally diverse but volumetri-
cally minor activity, unlikely to be fully preserved in
the geological record, probably represents ‘back-
ground’ activity that has persisted through the life-
times of Tongariro and Ruapehu (Gamble et al
1999).

Historic unrest and the hydrothermal
systems

Volcanic activity in the last few thousand years in the
TNP area has come from the single active vent of Rua-
pehu (Te Wai a-Moe/Crater Lake), and from several
vents on Tongariro, particularly Ngauruhoe. Written
historical records of these volcanoes date from the
arrival of Europeans in the nineteenth century.
These records, together with eruption information
for a few preceding decades from Maori who arrived
some six centuries earlier, are summarised in Gregg
(1960) and Cole and Nairn (1975). Studies of historical
eruptions at Ruapehu (Houghton et al. 1987; Scott
2013) and Tongariro (Figure 14; Scott and Potter
2014) considered the frequency of eruptive events
and identified a high level of volcanic unrest and
activity along with previously undocumented erup-
tions at Red Crater on Tongariro.

Geophysical signals and unrest

Ruapehu and Tongariro volcanoes often show signs of
volcanic unrest, manifested as elevated gas fluxes, seis-
mic activity, and lake and fumarole temperature and
chemical changes. This unrest sometimes leads to
periods of volcanic activity, ranging from weak hydro-
thermal (phreatic) through to phreatomagmatic and
explosive magmatic activity, or may return to back-
ground levels (Park et al. 2019). Individual explosive
eruptions sometimes occur with no precursors, or
only a few minutes of precursory seismic activity. In
a few cases lava extrusion also occurs (Ruapehu
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1945, 1995; Ngauruhoe 1870, 1949, 1954-5). The his-
toric eruption hazards include pyroclastic density cur-
rents, ashfall, lava, debris avalanches, ballistic blocks
and lahars: these are described in detail in the next
section.

Seismic recording at Ruapehu started soon after the
1945 eruption, and it was soon found that harmonic
tremor, a continuous waveform with a dominant fre-
quency, usually about 2 Hz (as opposed to individual
earthquake events), was often present, whether or
not there was any obvious volcanic activity (Dibble
1974; Hurst and Sherburn 1993). Latter (1981) intro-
duced the term volcanic earthquake to describe
narrow-band earthquakes, also with a dominant fre-
quency about 2 Hz. He described how strong volcanic
earthquakes and large tremor  amplitudes
accompanied magmatic and phreatomagmatic erup-
tions, but there were many occasions in which simi-
larly strong seismicity occurred without any
eruption. These studies were extended by Bryan and
Sherburn (1999) and Sherburn et al. (1999), who
found that during the 1995-96 eruption sequence
there were significant changes in the tremor pattern,
with sub-1 Hz tremor accompanying presumed mag-
matic intrusions during an early stage of the 1995
eruption, while wideband tremor was dominant in
the later part of the 1995 eruptions and in the 1996
eruption.

Earthquake swarms about 15 kilometres west of
Ruapehu started some months before the 1995 erup-
tion sequence and may have been precursory in
some way as petrological studies have suggested that
they coincided with the time of magma movement
(Hurst and McGinty 1999; Hurst et al. 2018). Johnson
and Savage (2012) confirmed that previous measure-
ments of shear-wave splitting reliably detected
changes in anisotropy, interpreted as being due to
stress changes under Ruapehu around the time of
the 1995 eruptions, but that using this technique to
look for eruption precursors would be difficult because
it would need the local seismicity distributed more
evenly in time and space than is usually seen in the
TNP area.

Latter (1981) also detected many volcanic earth-
quakes associated with eruptions at Ngauruhoe
until its most recent eruption in 1975, but since
then there was a very low level of seismicity for
many years. Between 2005 and 2010 there were
thousands of very small (My . 1.8) earthquakes
under Ngauruhoe (Jolly et al. 2012; Park et al.
2019) but these have died away, and Ngauruhoe
remains inactive.

Tongariro has produced very little seismicity since
seismometers were first installed near Ngauruhoe in
1976, but small, slowly decaying earthquakes of the
type known as tornillos were observed from 1999 for
several years (Hagerty and Benites 2003), centred
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Figure 14. View of Ngauruhoe cone looking south across the Mangatepopo valley, with annotations of eruption products. Recent
lava and pyroclastic deposits sourced from Ngauruhoe overlie older Tongariro lavas exposed in cliffs. GNS Science photo by Dou-

gal Townsend.

below Te Maari craters on the north flank of Tongar-
iro. No surface activity was observed at this time, but
in late July 2012, there began several periods of shal-
low volcano-tectonic earthquakes up to Mp 2.8 in
the same area (Hurst et al. 2014). It was also found
that CO, emissions from Te Maari fumaroles had
increased. At 11.46 pm NZST on 6 August 2012 a
short-lived steam-driven eruption occurred, produ-
cing a 9 km high eruption column (Crouch et al.
2014). Analysis of seismic and acoustic records indi-
cated that a debris avalanche had preceded and likely
triggered the eruption (Jolly et al. 2014). A smaller
eruption also occurred on 21 November 2012. There
have been no further eruptions and the level of
steam emission from the new vents has slowly
decreased.

The use of geodetic measurements for detecting
deformation on Ruapehu and Tongariro began with
tilt and EDM measurements on Ruapehu in the
1970s by Ray Dibble and Peter Otway (unpublished).
These measurements continued into the 1990s, but
did not detect any significant precursory deformation
to any of the eruptions that occurred in this period. In
the early 2000s, a network of Global Navigation Satel-
lite System (GNSS) stations was set up around the
TNP volcanoes, but neither the September 2007 Rua-
pehu, nor the August 2012 Te Maari eruptions had
detectable precursory deformation (Hamling et al.

2016). Hamling (2020) looked at the ability of satellite
radar interferometry (InSAR), which has much better
spatial resolution than GNSS, to detect precursory
deformation, and concluded that it would be difficult
to detect movements of small (<0.02 km’, <340 m
diameter sphere) magma bodies, although signifi-
cantly larger ones would be reliably detected. Subsi-
dence and gravity changes following the Te Maari
eruption (Hamling et al. 2016; Miller et al. 2018b)
show the adjustment of the hydrothermal system to
depressurisation where liquid and vapour are redis-
tributed within the hydrothermal system in response
to changing pore pressures.

Hydrothermal systems

Ruapehu and Ngauruhoe presently have only very
minor hydrothermal activity away from their active
craters, whereas the rest of Tongariro has a significant
hydrothermal system with condensate outflows on its
northern flank at Ketetahi (Figure 2; Wilson 1960), as
well as the high-level hydrothermal features that feed
the Emerald Lakes and Blue Lake areas (Walsh et al.
1998), and fumaroles at Te Maari. Miller et al.
(2018a) used self-potential inversion to image the
distribution of vapour and condensate within the
hydrothermal system and proposed that the surface
features are not part of a large continuous liquid



circulation system, but are discrete pockets of activity
separated by regions of meteoric water downflow.

All the historic activity of Ruapehu volcano has
been from the vent normally occupied by Te Wai a-
Moe/Crater Lake. The lake intercepts nearly all the
heat output of the Ruapehu vent by condensation of
incoming steam, and calorimetry of the lake can be
used to monitor incoming heat (Hurst et al. 1991).
The condensed steam is a considerable part of the
inflow to the lake; however, precipitation and snow-
melt, especially in summer, normally make a larger
contribution. The lake temperature and level are tele-
metered daily by satellite, and GNS Science makes
daily estimates of the thermal input power. The lake
was completely expelled by the major eruptive
sequences of 1945 and 1995, and was partially emptied
by some of the smaller eruptions, but it has always
eventually refilled, producing its own lahar hazard
through overtopping of the outlet barrier (discussed
below).

In addition to steam, the vapour entering the lake
also carries magmatic volatiles which interact to vary-
ing degrees with the lake and sub-lake hydrothermal
environments (Christenson 2000). Dissolution of
SO,, H,S and HCI from this vapour leads to formation
of a strongly acid lake water (Giggenbach 1974;
Giggenbach and Glover 1975) that then convectively
circulates through the sub-lake environment, interact-
ing with host lavas, breccias and lake sediments as well
as the incoming vapour (Christenson and Wood 1993).
These interactions lead to the focussed deposition of a
suite of hydrothermal minerals including elemental S,
various sulphate minerals (principally natroalunite)
and cristobalite, all of which drastically reduce per-
meability (Christenson et al. 2010).

An interesting characteristic of Ruapehu is that the
heat and volatile supply to the lake is pulsatory, result-
ing in heating cycles where lake temperatures range
between ~9 (minimum) and ~50 °C (maximum)
over periods varying between 3 and 12 months. Analy-
sis of solute gas compositions in the lake water began
in 2007, and has produced time series trends that show
that heating in the vent environment is coherent with
lake heating, while CO/CO, equilibrium relations
indicate model temperatures beneath the lake ranging
from 400-750 °C.

A number of unheralded steam-driven eruptions
have occurred since regular monitoring of the lake
began in the early 1970s, some of which have occurred
at times when the lake is cool (Strehlow et al. 2017),
such as that on 25 September 2007. To explore this
behaviour, a TOUGH2 model (Pruess 1991) of the
lake/sub-lake environment was developed, with
energy inputs constrained by observed parameters
(Christenson et al. 2010). Modelling shows that
vapour and heat inputs into the cool lake/vent
environment lead to decoupling of heat and mass in
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the conduit, with the thermal front lagging behind
an ascending, relatively cool and non-condensable
CO,-rich gas pulse. Accumulation of this gas beneath
a relatively impermeable seal leads to the formation of
a compressible gas column, capable of generating
pressures greater than the tensile strength of the seal.
This ultimately leads to seal failure and an unheralded,
gas-driven eruption through the lake.

Historic volcanism, hazards and impacts

Ruapehu and Tongariro have erupted with a wide
range of styles and associated hazards during their
respective histories (e.g. Houghton et al. 1987).
The most challenging eruptions in terms of assessing
present-day hazards lie at the two ends of the his-
toric size spectrum for TNP. (1) Small steam-driven
eruptions (hydrothermal/phreatic to phreatomag-
matic) are challenging because they occur with little
or no warning, whereas (2) large magmatic explosive
eruptions are challenging because they produce
widespread hazards, the scales and durations of
which are hard to forecast. The vent areas on both
mountains are visited regularly by tourists (Tongar-
iro Alpine Crossing, Ruapehu summit), putting
people at risk from even small eruptions. Ashfall
from larger eruptions could potentially affect most
of the North Island, including impacts on major
urban areas, depending on wind directions (Hitch-
cock and Cole 2007).

Notable historic eruptions have been: ash eruptions
from Ruapehu in 1945, 1969, 1975 and 1995-96 (e.g.
Gamble et al. 1999 and references therein; Cronin
et al. 1997b, 2003; Bryan and Sherburn 1999; Bona-
donna et al. 2005), lava eruptions from Ngauruhoe
in 1949 (e.g. Battey 1949) and 1954-55 (Figure 15;
summary in Hobden et al. 2002), and ash-producing
explosive eruptions from Ngauruhoe in 1974 and
1975 (e.g. Nairn and Self 1978) and Te Maari on Ton-
gariro in 1898 (Scott and Potter 2014). The latest erup-
tion at Ruapehu with effects beyond Te Wai a-Moe/
Crater Lake was a steam-driven eruption in September
2007 (Cole et al. 2009; Kilgour et al. 2010; Jolly et al.
2010). The latest eruptions at Tongariro were a mag-
matic eruption of Ngauruhoe in February 1975, and
a steam-driven one at Te Maari in November 2012
(e.g. Jolly and Cronin 2014 and references therein).

Steam-driven eruptions

The recent Te Maari 2012 and Ruapehu 2007 erup-
tions have illustrated that even small steam-driven
eruptions (where little or no magma reaches the sur-
face) can produce multiple complex, interacting
hazards, including ashfall, lahars, ballistics, pyroclastic
density currents, and debris avalanches (Kilgour et al.
2010; Breard et al. 2014; Fitzgerald et al. 2014; Leonard
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et al. 2014; Lube et al. 2014; Procter et al. 2014; Turner
etal. 2014). An example of hazard interaction was seen
in the 2012 Te Maari eruptions where a debris ava-
lanche blocked a small stream and formed a dam
that failed two months later, producing a lahar that
reached Highway 46 (Walsh et al. 2016). The timing,
footprint and intensity of the hazards associated with
small steam-driven eruptions are now much better
understood, but can still be difficult to forecast and
apply at specific vents to determine, for example, the
ballistic block hazard at Red Crater (Gates 2018).

Ballistic blocks from the August 2012 Te Maari
explosion reached a maximum distance of 2.3 km,
beyond the then-current 2 km radius hazard zones
used in the National Park hazard maps (Fitzgerald
et al. 2014).

On Ruapehu, eruptions through Te Wai a-Moe/
Crater Lake may lead directly to lahars down the
Whangaehu River (Manville and Cronin 2007).
Material erupted onto the summit plateau (combined
with snow when present) can form lahars into the
Whakapapa and upper Turoa Ski areas (Carrivick



et al. 2009). Detection of an eruption leads to auto-
mated lahar warnings for the Whangaehu River catch-
ment (Keys 2007) and the Whakapapa ski area, both of
which may be affected within minutes of an explosive
eruption (Sherburn and Bryan 1999). Paton et al.
(1998) critiqued the organisational response to the
1995-96 Ruapehu eruptions and more recent inte-
gration of risk management with eruption response
planning at Ruapehu was explored by Keys and
Green (2010). Hazard management for these relatively
small scale steam-driven eruptions in areas frequented
by tourists remains a challenge worldwide.

Larger magmatic eruptions

Larger magmatic eruptions in many cases generate
more precursory signals (Bryan and Sherburn 1999),
yet the longer duration and episodic nature of such
eruptions pose additional challenges (cf. Aspinall
et al. 2002). The durations and magnitudes of specific
hazards are harder to forecast, particularly with obser-
limited by the few historic examples
(Houghton et al. 1987). Isopachs and isopleths from
deposits produced by a range of magmatic eruption
styles at Tongariro and Ruapehu provide an approxi-
mate guide to potential tephra hazard scenarios (Top-
ping 1973; Donoghue et al. 1995a; Donoghue and
Neall 1996; Bonadonna et al. 2005; Pardo et al.
2012a, 2012b, 2014; Heinrich et al. 2020a). At
Ruapehu, hazard modelling has improved scenario
development for larger eruptions, with a focus on
ash fall and lahars (Cronin et al. 1998; Hurst and
Turner 1999; Turner and Hurst 2001; Lecointre et al.
2004; Manville and Cronin 2007; Carrivick et al.
2009; Graettinger et al. 2010; Procter et al. 2010,
2012; Liu et al. 2015).

Additional worst-case scenarios relating to debris
avalanches and edifice collapse have also been investi-
gated (Schaefer et al. 2018). Large eruptions from
Ruapehu have been inferred from preserved pyroclastic
density current deposits (Donoghue et al. 1995b; Pardo
et al. 2014; Cowlyn 2016; Gillies 2018) although con-
straining the hazard footprints associated with such
eruptions is challenging because deposits are poorly
preserved (Cowlyn 2016; Gillies 2018). It has been
suggested that pyroclastic density currents could be a
hazard from even small explosive events (Degruyter
and Bonadonna 2013). Minor pyroclastic density cur-
rents driven by eruption-column collapse occurred in
the 1945 eruption (Figure 16), and current skifield
infrastructure is well within the hazard zones of pyro-
clastic density currents and lava flows (Cowlyn 2016).

vations

Impact and mitigation

Volcanic impact studies from Tongariro and the
1995-1996 Ruapehu eruptions have focused on health,
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agriculture and critical infrastructure, (Cronin et al.
1997¢, 1998, 2003; Johnston et al. 2000; Stewart et al.
2006; Hitchcock and Cole 2007; Wilson and Cole
2007; Becker et al. 2010; Newnham et al. 2010). Miti-
gation measures are generally avoidance, land-use
planning, structural protection and warning. Land
use planning has largely been accomplished as a by-
product of the existence of the National Park (Becker
et al. 2010; Keys and Green 2010).

At Ruapehu, some structural mitigation has been
undertaken in the Whangaehu River channel. After
the 1945 eruption, Te Wai a-Moe/Crater Lake refilled
until an ice barrier broke on 24 December 1953 (Man-
ville 2004). The resulting lahar caused the Tangiwai
disaster, in which 151 people were killed, by destroy-
ing a railway bridge as an express train approached
it. As the lake again refilled following the 1995-96
eruptions, the hazard of another lahar was alleviated
by a warning system, which detected the breakout
that occurred on 18 March 2007, and stopped road
and rail traffic. Prior to the 2007 lahar, the road bridge
at Tangiwai was also altered and raised to provide bet-
ter clearance, and a levee was built to prevent any lahar
from overspilling into the northern catchment drain-
ing to Lake Taupo.

Because of the strong public interest in tourism in
TNP not all risk can be avoided, risk being a function
of hazard and the likelihood and severity of its
impacts. With the exposure of people to volcanic
hazards there will always be some probability of
adverse impacts including severe injury and death.
Mitigation of that probability and impact has mostly
involved education and provision of warnings
(where possible; see ‘steam-driven eruptions’ above).
Geophysical monitoring through the GeoNet project
(http://geonet.org.nz) has become iteratively more
intensive and diverse over recent decades. Monitoring
information and eruption forecasts through Volcanic
Alert Bulletins are provided by the volcano monitor-
ing group at GNS Science. Volcanic Alert Levels are
also used and they have been updated in the last 6
years based on social science evidence, to include
two unrest levels and hazard descriptors (Potter
et al. 2014). Risk-management is led by the Depart-
ment of Conservation and local Civil Defence and
Emergency Managers. They provide planning, active
risk management, and risk awareness and self-protec-
tion advice through signage, public education, hazard
maps and drills (Leonard et al. 2014). Recent work has
analysed the advantages of also including matauranga
Maori (tribal knowledge) in emergency management
in the park (Gabrielsen et al. 2017).

In developing warnings, volcanologists have part-
nered with social scientists, learning from 15 years of
survey and observation data on warnings to character-
ise and quantify human awareness and responses at
Ruapehu and Tongariro volcanoes (e.g. Leonard
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Figure 16. Photographs to illustrate the range and scale of hazards resulting from recent eruptions at Ruapehu and Tongariro. A:
PDC (white arrow) formed from eruption-column collapse during the 1945 Ruapehu eruption, looking northeast from Raetihi
(Photo: N. Mosen, Lansdown Collection). B: Aftermath of the Tangiwai Disaster on 24 December 1953, following the 1945 eruption
of Ruapehu volcano. The Whangaehu River was occupied by a lahar from the collapse of the Te Wai-a-Moe/Crater Lake outlet
barrier, washing away the bridge with the train and carrying carriages downstream. Source: Peacock, Morice Gladstone, 1916—
1995: Negatives, prints, register and minute book from twentieth Century Photography studio, Taumarunui. Ref: MP-0059-11-
F. Alexander Turnbull Library, Wellington, New Zealand. /records/22808804. C: Ice slurry lahar deposit from the September 23,
1995 Ruapehu eruption alongside the Far West T-Bar on Whakapapa Ski Area (Photo: GNS Science). D: An ice slurry lahar deposit
from the 25 September 2007 Ruapehu eruption narrowly missed this snow groomer on Whakapapa Ski Area, adjacent to the Far
West T-Bar (Photo: Graham Leonard, GNS Science). E: Crater formed by a ballistic block launched 1.4 km during the August 6, 2012
Tongariro eruption at Te Maari (Photo: Rebecca Fitzgerald); F: Damage to the ceiling and bunks of the Ketetahi Hut from Te Maari
ballistic block impacts 1.4 km from the vent during the August 6 2012 eruption (Photo: Nick Kennedy).



et al. 2008, 2014). Evacuation drills for Whakapapa Ski
Area are conducted annually, and a persistent min-
ority of people do not move to safety, or do not
move quickly enough, from year to year. Whilst the
majority of risk factors in the case of lahars in Whaka-
papa ski area can be mitigated through warnings, a
residual risk is hard to eliminate (Leonard et al. 2008).

Conclusions

Over the last 50 years a large volume of diverse Earth
science research has been conducted in and around
Tongariro National Park focussed on the volcanoes,
the volcanic and regional structure, and the basement
geology. Many dozens of graduate student theses and
hundreds of academic papers have been published.

Andesite has been erupting in this area for at least 1
million years. Petrological and geophysical studies
have clearly delineated and characterised the basement
greywacke, and have identified potential zones of
magma storage, fluid ascent and hydrothermal altera-
tion in the greywacke, overlying Tertiary mudstones
and the TNP volcanics. The geochemical origins of
magmas and their relationship to the basement are
well characterised, and the evolution and cyclicity of
magmatism have been placed into a comprehensive
geochronology. The magma systems for Ruapehu
and Tongariro are independent, at least in the upper
crust. The hydrothermal system at Ruapehu is now
focussed on Te Wai a-Moe/Crater Lake, but is more
distributed at Tongariro where the individual systems
are not connected at depth. There is an association of
faulting with volcanism, with correlations and influ-
ences between the two over time. Glaciers have resided
on the volcanoes for the majority of their histories.
Volcano-glacier interactions have been shown to
directly control the morphologies of the volcanic
edifices and strongly influence the rates of edifice
growth and sedimentation on the surrounding ring
plains. Historic unrest and eruptions are well docu-
mented and linked to ever-improving geophysical
and geochemical documentation and modelling.
Both volcanoes pose a hazard from rapid-onset,
unheralded small eruptions.

The proximity of Ruapehu to Tongariro is decep-
tive, as they have distinct structures and magma sys-
tems, which partly relate to their structural settings.
The Ruapehu edifice, with less influence from rifting
processes, is large and tall enough to create its own tec-
tonic regime: it is associated with wide-set enveloping
faults mostly well outside the limits of the edifice, and
magma is focussed into a central area. As a result, Rua-
pehu has erupted more dacite magmas than Tongariro
due to extensive crustal assimilation and fractional
crystallisation through a central magma plumbing
axis. Ruapehu typically shows evidence for magma
mixing resulting from the interaction between
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recharging and stalled magmas (sometimes directly
leading to eruption: Conway et al. 2020). At Tongar-
iro, the extension rate is greater, the volcano is tra-
versed by several faults parallel to the Taupo Rift
orientation and cone building has occurred over a
wider area, leading to a less unified edifice without a
central focus.

There are several areas of desirable future work to
highlight here:

1) Full integration of the evolution of the ring plain
and pyroclastic histories with the on-mountain
lava and moraine records.

2) Re-evaluation of the structural controls on faulting
at the Taupo Rift termination in light of updated
fault mapping.

3) Acquisition of higher resolution imaging of mid-
and deep-crustal structure and magma sources
associated with Ruapehu and Tongariro using
MT and seismic methods.

4) Development of a unified structural-magma-hydro-
thermal-eruption system model. This could be
achieved by integrating geophysical techniques
(seismic monitoring, geomagnetic imaging and
deformation via GNSS coupled to InSAR), geo-
chemistry (gas and fluid monitoring in real-time)
with contemporary developments in petrology,
including microsampling (micro drilling) and
micro-scale analysis of minerals and glasses for
diffusion modelling. In particular, application of
mineral geothermobarometers and diffusion chron-
ometers will help constrain interpretations of where
magma is assembled and stored in the crust, and
how quickly it ascends to the vents. These par-
ameters are critical in the context of hazard assess-
ment during future unrest or eruptions.

5) Revision of eruption probabilities and interpret-
ations of eruption mechanisms using the extensive
monitoring datasets collected over recent decades.

6) Development of robust models for eruptive pro-
cesses of the volcanoes, representing all historic
volcanic phenomena, which quantify the multiple
hazards and bring them together to provide
unified hazard and impact metrics. These hazard
metrics can then be combined with both short
and long-term monitoring and geological data in
a probabilistic model to produce forecasts for
different phenomena or scenarios.

7) Provision of monitoring and hazard data to allow
flexible management of risk in a modern environ-
ment of economic and political pressure. The risks
from sudden-onset steam-driven eruptions remain
an acute challenge, more particularly at Ruapehu,
as does managing uncertainty around unrest, dur-
ation and the episodicity of larger magmatic
eruptions.
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