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ABSTRACT

The sudden removal of large portions of a volcanic edifice through collapse can cause
depressurisation in the subvolcanic magmatic system, influencing the nature of subsequent
eruptions. At Mt. Taranaki, edifice failure has occurred frequently and at different timescales
throughout the volcanic history, forming a broad pattern of cyclic collapse and regrowth.
About 20-30,000 years ago, Mt. Taranaki experienced two such cycles in short succession,
emplacing the 27.3 ka Ngaere and the 24.8 ka Pungarehu debris-avalanche deposits, which
were preceded and followed by a sequence of twenty-eight closely spaced tephra deposits
known as the Poto and Paetahi Formations. Here, we reconstruct the tephrastratigraphic
framework of the Poto and Paetahi Formations, revealing a minimum total eruptive volume
of 3 km?>. While eruptions directly following edifice failure were larger compared to those
prior to collapse, this 4,000-year long eruptive period was characterised by consistently large
subplinian eruptions. In contrast, large explosive events within the Holocene sequence are
less frequent, with more multi-phase periods of effusive and explosive activity recorded. Our
new data highlights the need to include longer-term eruptive records in volcanic hazard
modelling since the most recent volcanic history might not cover the full nature of volcanic
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processes occurring at long-lived stratovolcanoes.

Introduction

The majority of stratovolcanoes around the world
experience edifice or flank collapse events at least
once during their lifetimes generating volcanic debris
avalanches and in some cases tsunamis, which pose a
major hazard to the surrounding areas (McGuire
1996; Siebert 1996; Voight and Elsworth 1997; Voight
2000; Girina 2013; Roverato and Dufresne 2021).
Major edifice failures dramatically modify the mor-
phology of the edifice; this can impact the eruption
rate (frequency and/or magnitude), magmatic compo-
sition (e.g. Mt Pelée, Martinique (Germa et al. 2011;
Boudon et al. 2013); Stromboli, Italy (Hornig-Kjars-
gaard 1993; Petrone et al. 2009; Vezzoli et al. 2014)),
or eruptive style as observed at some volcanoes glob-
ally (Siebert et al. 2004; Tibaldi 2004; Hora et al.
2009; Manconi et al. 2009; Zernack and Procter
2021), while other volcanoes experience no change
in eruptive behaviour following collapse (e.g. Pono-
mareva et al. 2006; Zernack et al. 2012; Zernack and
Procter 2021). The proximity of the failure to the
source of magma can influence the response of the
magmatic system influencing the eruption style, volca-
noes can experience explosive activity (i.e. tephra fall,

pyroclastic density currents and lateral blasts),
through to effusive activity (i.e. lava flows and lava
domes) (i.e. Fuego de Colima, Mexico, changing
from effusive lava flows prior to collapse to explosive
andesitic eruptions after collapse) (O’Callaghan and
Francis 1986; Luhr and Prestegaard 1988; Robin
et al. 1990; Stoopes and Sheridan 1992; Vallance
et al. 1995; Siebert 1996; Vallance et al. 2001; Capra
and Macias 2002; Pallister et al. 2017; Watt 2019).
Generating accurate eruption scenarios for hazard
mitigation from potential future eruptions requires
an extensive understanding of the eruptive history of
a volcano. However, due to better access and preser-
vation of the younger records, most eruption histories
for volcanoes worldwide are limited to the Holocene
period. As a result, the effects of large (prehistoric)
edifice collapse events on subsequent eruptive activity
are still poorly understood (Watt 2019).

Over the last ~300 years, globally, five collapse
events >1km> have been observed, including
Oshima-Oshima, Japan in1741 CE (Katsui and Yama-
moto 1981; Satake and Kato 2001; Satake 2007); Ritter
Island, Papa New Guinea in 1888 CE (Johnson 1987;
Day et al. 2015; Karstens et al. 2019); Bandai, Japan
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in 1888 CE (Yamamoto et al. 1999; Yoshida 2013);
Shiveluch, Kamchatka in 1964 CE (Belousov 1995;
Ponomareva et al. 2006) and Mount St. Helens,
U.S.A in 1980 CE (Voight et al. 1983; Glicken 1996).
Within the geological record over 300 collapse events
have been identified in depositional sequences at over
200 volcanoes (Watt 2019). Changes in eruptive
behaviour or magmatic composition following
edifice collapse events have been observed for nine
pre-Holocene collapse events, i.e. 16-10 ka Shiveluch,
Kamchatka, 126 ka Coni/Pelée, Martinique, 14 ka
Stromboli, Italy, 65-60 ka Chimborazo, Ecuador,
and 35-60 ka Mt. Taranaki, New Zealand (Watt
2019; Zemeny et al. 2023). Complementary to this,
eight collapse events have recorded a change in erup-
tive behaviour or magmatic composition within the
Holocene, i.e. 3 ka Tungurahua, Ecuador (Hall et al.
1999), ~6 ka Tata Sabaya, Bolivia (de Silva et al.
1993), and 1888 CE Ritter Island, Papa New Guinea
(Johnson 1987; Day et al. 2015; Karstens et al. 2019).
Understanding the influence collapse has on volcano-
logical processes requires detailed tephrochronologi-
cal analysis, which typically focus on better
preserved Holocene records with limited studies exist-
ing on pre-Holocene events.

At Mt. Taranaki, the long-term (200 kyr) volcanic
history and predominant landscape-forming processes
have been reconstructed based on volcaniclastic
records preserved in the surrounding ring plain
(Neall 1979; Alloway et al. 1995; Procter et al. 2009;
Zernack et al. 2009, 2011; Zemeny et al., 2021; Zer-
nack, 2021). These studies have shown that one of
the major hazards at Mt. Taranaki is edifice failure
with fourteen major collapses recognised in its erup-
tive history (Zernack et al. 2011; Zernack et al.
2012). Yet only data on eruptive behaviour and
changes in the patterns of eruptive styles of the last
5,000 years (Platz et al. 2007; Turner et al. 2008;
Torres-Orozco et al. 2018; Lerner et al. 2019¢) were
used to generate future hazard scenarios from the vol-
cano (Weir et al. 2022). This period is too short to
encompass the much longer timeframes of Mt. Tara-
naki’s cyclic growth and collapse behaviour. It also
ignores the volcano’s history of frequent edifice failure
and the impacts such large-scale events have on the
subvolcanic plumbing system and eruptive behaviour,
with the last event, the 7.5 ka Opua collapse, pre-dat-
ing this framework by more than 2,000 years.

In this study, we focused on the 23.1-27.3 ka ring-
plain succession to extend our understanding of Mt.
Taranaki’s cyclic volcanic history past the well-studied
Holocene record (<12 ka). The studied interval is
characterised by two temporally proximal large
edifice collapse events that emplaced the 27.3 ka
(5.85 km®) Ngaere and 24.8 ka (>7.5 km?) Pungarehu
debris-avalanche deposits (DADs). Eruptive activity
preceding and following these collapse events

produced a series of tephra deposits, the Poto and Pae-
tahi Formations. In contrast to many volcanoes world-
wide, where eruptive sequences around DADs are
poorly preserved or inaccessible, Mt. Taranaki thus
provides a unique opportunity to investigate the
response of a long-lived stratovolcano to repeated
large edifice collapse.

Methodology

The Poto and Paetahi tephra beds were initially ident-
ified on the southeastern ring plain interbedded with
andic paleosols (Alloway et al. 1995), with this study
adding further localities across a wide east to south-
eastern arc between 11 and 45km from the pre-
sent-day summit vent (Figure 1). Deposits across
the northeastern sector of the ring plain have been
buried underneath younger deposits and removed
or buried by industrialisation limiting their preser-
vation. Previously identified deposits in the northeast
by Alloway et al. (1995) were no longer exposed or
accessible in the field. Because of this, these deposits
have not been used in volume calculations or isopach
maps in this study. For this study, extended locations
were used to correlate individual depositional layers
across the Taranaki region. These were identified
through differences in lithosedimentological charac-
teristics that distinguished them from the surround-
ing layers (Ingram 1954; Fisher and Schmincke
1984; Cas and Wright 1987) with boundaries being
marked by either a sharp or blurred contact. Lithose-
dimentological characteristics include juvenile and
lithic clasts proportions, grain size, sorting, bedding,
deposit geometry, and presence and nature of enclos-
ing paleosols.

Eruptive events were divided into single-phase
(individual events) or multi-phase (multiple events)
based on their depositional characteristics (e.g.
Voloschina et al. 2020), which were classified as
below.

e Single-phase (SB) layers appear in pockets within
the stratigraphy creating a wavy appearance with
boundaries characterised by paleosols or distinct/
blurred contacts between depositional units.
Internal variations are not quantifiable within the
individual layers. Some layers have distinguishable
features in relation to others, which assist with cor-
relations of single-phase events between locations.

e Multi-phase (MB) layers were originally recognised
as single bed layers with internal stratification (e.g.
Paetahi.a was referred to as having shower bedding
by Alloway et al. 1995). These units have been
reclassified as multi-phase layers within this study
as they showed internal depositional variations in
lithology, grain size, deposit texture, or colour
(e.g. Voloschina et al. 2020). These deposits are
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Figure 1. Field location map of the Poto and Paetahi Formations across the Taranaki ring plain. Road and Topographic data
sourced from the Land Information New Zealand (LINZ) Data Service licensed for reuse under CC by 4.0.

recognisable in the same stratigraphic sequence
with no shifting in stratigraphic position of the
layers across the ring plain compared with shower
bedding, where interlinking of the layers between
locations is expected. These multi-phase layers are
found across the eastern and southeastern sectors
of the Taranaki ring plain either as complete strati-
graphic set (lower to upper units) or as individual
subunits.

Depositional characteristics of each layer were
recorded, including consolidation, grain size charac-
teristics (Wentworth 1922; Fisher and Schmincke
1984; Cas and Wright 1987; White and Houghton
2006), grading, sorting, componentry, thickness,
and upper and lower contacts (Fisher and
Schmincke 1984; Cas and Wright 1987; Torres-
Orozco et al. 2017a). Further grain-size analysis
and point counts were performed on depositional
units from the Poto and Paetahi reference locations
(Figure 1; location 1 Ronald Road 39°21'41.64"S;
174°13’20.02"E; location 5 Opunake Road 39°
21'21.45"S; 174°14’38.09”F; location 6 Paetahi
Stream 39°20'34.71”S; 174°13'41.90"E). Manual dry
sieving at 0.5 ¢ intervals between —4 and 4 ¢ was
conducted, and individual grain sizes were weighed
and normalised to 100. Statistical parameters (Folk
and Ward 1957) for grain size were obtained

through GradiSTAT (Blott and Pye 2001) using a
size scale modified after Udden (1914) and Went-
worth (1922).

The —1.5 and 0.5¢ size fractions were chosen for
componentry analysis, allowing comparison between
dominant lapilli-bearing deposits and finer-grained
ash beds. On average, at least 300-500 grains
were used for point count analyses, although for
some layers it was less for the —1.5 ¢ class size
due to a lack of coarser particles. The percentages
of individual componentry classes were calculated
relative to the total number of grains counted, dis-
tinguishing between juveniles (primary erupted
material), lithics (secondary material brought up
during the eruptions, including older eruptive pro-
ducts and other lithologies that make up the con-
duit and subvolcanic basement (Sparks 1976;
Fisher and Schmincke 1984; Carey and Houghton
2010; Campbell et al. 2013; Paredes-Marifio et al.
2019)), and free crystal components, (i.e. matrix-
free crystals generated through the fragmentation
of crystal-rich pumices during the eruptive phase
(Sparks 1976; White and Houghton 2006; Paredes-
Marifio et al. 2019)). Clast classes were further
divided into subgroups: two juvenile classes (1.
Grey pumice, 2. Brown pumice), four lithic classes
(3. Altered pumice, 4. Grey lithics, 5. Altered lithics,
6. White claystone), and four free crystal classes (7.
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Feldspars, 8. Pyroxenes, 9. Amphiboles and 10. Glo-
merocrysts) (Figure 2).

Volume estimates for individual layers were calcu-
lated using the Weibull model (Bonadonna and Costa
2012; Bonadonna and Costa 2013) produced in Ash-
Calc (Daggitt et al. 2014) using the equation

(Tx= 0<;)k_ze<;)k) where the thickness (T) is

related to the square root of the isopach area (x).
Input parameters for the model are isopach thickness
(m) and \/ Area (km) (A'?). This model has incorpor-
ated £ as a parameter to allow for the variation in thin-
ning rate that is seen in tephra deposits with multiple
segments (Daggitt et al. 2014), which works well with
the more medial and distal deposits due to a decrease
in thickness with distance from the source (Bona-
donna and Costa 2012; Bonadonna and Costa 2013).
Eruption column heights (Ht) were calculated using
the Mastin et al. (2009) equation (H=25.9+
6.64log; (V)). The total erupted mass (mT) was calcu-
lated after the equation (volume * 1000 kg/m3) from
Wilson (1976). Mass eruption and discharge rates
(MER and Q) were calculated using methods from
Sparks (1976) and Mastin et al. (2009). Eruptive mag-
nitudes were calculated using equations (mass/ (rock
density) *17%) and log10 (loglo(DRE[kg])_7) from

Pyle (2000). To estimate the minimum duration
(hours) of the eruption, the equation ((mT/MER)
*3600) from Wilson (1976) was used.

Multiple models are used for calculating the volume
of ash produced during an eruptive event, e.g. Expo-
nential (Pyle 1989), Power law (Bonadonna et al
1998; Bonadonna and Houghton 2005), and Weibull
(Bonadonna and Costa 2012). The volume of a deposit
can be significantly underestimated when either prox-
imal, medial, or distal regions are missing (Pyle 1989;
Fierstein and Nathenson 1992; Rose 1993; Pyle 1995;
Bonadonna and Costa 2012). For datasets where
large sections of the deposit are missing, the Weibull
model provides the smallest uncertainties compared
to other models, which extrapolate areas of missing
data (Bonadonna and Costa 2012; Bonadonna and
Costa 2013). Reducing uncertainties at this step is
important to decrease the amount of uncertainty for
other eruptive parameters, which are all calculated
using eruptive volumes. Although our proximal data
is missing, the medial and distal data was robust
enough to apply the Weibull model through AshCalc
(Bonadonna and Costa 2012; Daggitt et al. 2014).

Column height calculations using the methods of
Mastin et al. (2009) and the Carey and Sparks (1986)
model for the same isopach data produced



considerable differences in column heights (e.g. 18.67
vs. 30.1 km, respectively). These discrepancies indicate
the levels of uncertainty associated with studying pre-
historic eruptive events. This study determined that
the values generated using Mastin et al. (2009) pro-
vided more reliable heights for the Poto and Paetahi
eruptive events in the context of global examples
(Thorarinsson and Sigvaldason 1972; Sarna-Wojcicki
1981; Carey and Sigurdsson 1985; Fierstein and
Nathenson 1992; Gudmundsson et al. 1992; Rosi
et al. 1993; Cole et al. 1995; Hoskuldsson et al. 2007;
Carey and Houghton 2010).

Results

Revised stratigraphy of the Poto and Paetahi
Formations

The Poto Formation occurs across the eastern, south-
eastern, and southwestern ring plain (Figure 1; sup-
plementary material Table 1) (Alloway et al. 1995),
with nineteen depositional layers (Figure 3; Table 1)
being preserved at the Poto reference section (Figure
1, location 1). At the base of the sequence, two layers
of ash and lapilli fall (Poto.a and Poto.b) are found
below the Ngaere DAD. Four layers of ash and lapilli
(Poto-c. 1 to e) and one surge deposit (situated above
Poto.e) occur above the Ngaere DAD and are overlain
by the 25.4 ka rhyolitic Kawakawa-Oruanui tephra
(Figure 3) (c.f., Vandergoes et al. 2013). Situated
above the Kawakawa-Oruanui tephra are twelve ash
and lapilli layers (Poto.f to o) (Figure 3).

The Paetahi Formation is separated from the Poto
Formation below by a 6 cm thick well defined paleo-
sol. The Paetahi Formation is found in southeast Tar-
anaki (Alloway et al. 1995) and comprises ten ash and
lapilli layers (Figure 4; Table 2). The reference section
for the lower six (Paetahi.a 1 to d) layers is situated
along Opunake Road west of Stratford and the refer-
ence section for the upper four layers (Paetahi.e I to
f) is located along Cardiff Road on the southern side
of Paetahi Stream (Figure 1, locations 5 and 6
respectively).

This study expanded the stratigraphy of the Poto
and Paetahi Formations by identifying single-phase
and multi-phase layers based on depositional charac-
teristics. This has added three new subunits to the
Poto Formation (Poto.c upper, k upper and | upper)
and four to the Paetahi Formation (Paetahi. a middle,
a upper, e middle and e upper) (Table 3). The units are
layers of ash and lapilli fall with one surge deposit
located directly above Poto.e at the reference section
(Figure 3; Table 1). Poto.i was described as a thin
surge bed based on sorting and the occurrence of
cross laminations by Alloway et al. (1995). This
study has reclassified Poto.i as a fall due to its appear-
ance within pockets across the outcrop, absence of
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bedding features and moderate sorting, containing
pumice and lithic clasts.

The Poto Formation is dominated (66%) by single-
phase (SB) events compared to the Paetahi Formation
where most (60%) are multi-phase eruptions (Figures 5
and 6).

The multiphase Paetahi Formations have similar
depositional  characteristics however, Paetahi.a
middle contains more grey pumice while Paetahi.e
middle contains more lithic clasts than the lower
and upper units. The upper beds record a shift
back to an orange pumice-dominated layer, with
Paetahi.a upper being unconsolidated while Paetahi.e
upper is strongly consolidated. Paetahi.e middle is
the most widely distributed layer of the Paetahi.e
multi-phase event.

Most Poto layers are contained within a yellow-
brown consolidated clay-rich paleosol. The single-
phase Paetahi layers are found within a consolidated
clay-rich material containing a larger number of soft
pumices than the multi-phase Paetahi layers.

The two multi-phase events of the Paetahi For-
mation protrude out of the outcrop and appear to
weather less easily compared to the surrounding
layers, which results in being more easily recognised
and correlated across the ring plain (Fence diagram
in supplementary material Figures 1 and 2). The
upper boundary of the Paetahi Formation is character-
ised by a gradual contact with a >10 cm thick paleosol
underlying the Kaihouri Tephra (Alloway et al. 1995).

Physical properties of the Poto and Paetahi
tephras

Grain size

The majority of the Poto and Paetahi fall layers con-
sist of very coarse ash with variations in grain size
ranging from fine ash to coarse lapilli (Tables 1 and
2). The two multi-phase events of the Paetahi For-
mation are coarser-grained not confined within a
clay rich paleosol which produced similar deposi-
tional characteristics, each consisting of three events
starting with an unconsolidated orange coarse ash
to lapilli-dominated layer followed by a change to a
finer grain size and shift to a slightly more consoli-
dated coarse grey ash layer.

Componentry

Analysis of components (Table 4) was undertaken on
samples from the reference sections (Figure I;
locations 1, 5, and 6) to cover the complete strati-
graphic record of the Poto and Paetahi Formations.
Within the Poto Formation, the majority of tephra
beds in the —1.5 and 0.5 phi size fractions are domi-
nated by brown pumice (ranging from 0%-75%)
with some being dominated by lithic clasts (0%-
87%), e.g. Poto.g and Poto.j (Figure 7). Of the ten
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Figure 3. Photos of the Poto Formation at the Poto reference location (1. Opunake Ronald Road) including the Ngaere DAD and
the Kawakawa-Oruanui tephra. A. Lower section of Poto.a-Poto.d including the Ngaere DAD, B. Middle section of Ngaere DAD-
Poto.l, C. Upper section of Poto.e - Poto.o including the Kawakawa-Oruanui Tephra.

Paetahi tephras the lower and upper layers contain
mostly grey lithics (5%-74%) while the more heavily
weathered middle layers are rich in brown pumice
(5%-50%) (Figure 8). Juvenile-dominated layers
within the two formations (Poto.a, cl, cu, d, f, I, ku,
I, lu, m, n and Paetahi.al, am, au, b, d and el) are
dominated by either grey (7%-55%) or brown (0%-—
75%) pumice. Grey lithic clasts show the largest vari-
ation in abundance throughout the tephra sequence
varying from ~0% to 87% with lithic-rich layers
occurring at various stratigraphic levels (Poto.b, e, g,
h, j, kI, o and Paetahi.c, em, eu, and f) (Figures 7
and 8). Lithic clasts are dense grey fragments of pre-

Poto andesitic lavas (Figure 2) while altered lithics
are typically red/orange and sub-angular to sub-
rounded dense clasts. Two of the depositional layers
contain sedimentary white chalky claystone that
breaks easily (7% in Poto.i and 29% in Poto.kl) (Figure
7) and was excavated from the basement during the
eruptions with Poto.i being dominated by juveniles
whereas Poto.kl is lithic-dominated.

Crystals are predominantly present in the 0.5¢ size
fraction (ranging from 4%-63%) and were rarely
found in the —1.5¢ size fraction (0%-10%). Six strati-
graphic layers in the Poto Formation display a larger
proportion of crystals in the small size fraction, i.e.

Figure 4. Photos of the Paetahi tephras. A. Depositional sequence of the Paetahi Formation at the Opunake Road reference
location (Figure 1; location 5.). B. Close-up image of the Paetahi.a multi-phase sequence showing the internal variation that
allowed reclassification into Paetahi.a lower, middle, and upper at the Poto reference location (Figure; location 1. Opunake/ Ronald
Road). C. Close-up of the Paetahi.e multi-phase sequence and sub-division into Paetahi.e lower, middle, and upper at the Paetahi

Stream reference location (Figure 1; location 6.).



8 (&) S.MILLSETAL

*Aj1sea yede syeaiq pue Yos Kian

uonew.o4 1yeided ayy jo doi ay}

‘uonoel)

s1JaAe| s1y1 ul 9d1wind 3y| “jelssrewW Yd1-AeD Palepljosuod umoiq ‘sbuelo SWLI0J 12y |10S 1Y Wd Q1< YUM dA0QE 10e1U0d Jauy ul dlwng umoig ysy KjHood
ulyum ad1wnd 3)qiposs Yos pue syl buiuieluod 1she| passyleam A|buons |enpeli "y1yelaed Yim mojaq 12e3uod dieys  "uoldely J3sIeod Ul Sy A1 wnipapy £13p  [epowA|od S Jiyeiseq
‘piey KIaA pue palepljosuod [|9m AIaA S| ‘F1yelaed yum anoge 1oejuod dieys ‘uoidely Jauy ul ad1wnd A3 Kj1ood Jaddn
19Ae| s1y| “so1y1| /a1wnd A316 Aq pajeuiwop Jake| you-Aepp umoiq ‘sbueiQ "9|ppIW 9°1Yelakd YIM MO|Sq 1DBIUOD [BNPRID  "UONDEJ) J3SIROD Ul SOIYNT A3JD  YSy 951e0) 13 |epown] 6 9'1yelaeq
‘leulew you-Aep umolq ‘sbuelo ‘anoge Jaddn 3°1yeiaed pue ysy d|ppiw
uyum sisep d1yl| /a1wind A6 Aq paleuiwop “1afe| palepljosuod A[IybIS  Mo[aq JSMO| 3 1yeIaed YHIM MO[Sq S1DBIUOD [enpeln Iyu] A31n  9sie0) KIsp Apood |epowig 9 9'1yelaeq
'sisep £a1b "3PPIW 9'1Ye1ded YUM SAOJR 1DeIU0D 1amo|
swos pue ||jide| abuelo 3s1e0d A19A Aq pareulwop ‘19Ke| palepljosuodun  [ENpeID “[10S 321U WD 9 YlIM mo[3q 1dewod dieys dIwng umoig 1de7 sul4 Apood |epowili]. L 9'1yelaed
'syisodap ay3 ssosoe syaydod ul ‘uolely
sieaddy ‘jososjed ydu-Ae> palepijosuod umolq ‘abueio ue ulyUMm Sise|d “J10S Y21y} WD 9 YUM SA0QE 12eIU0D Jauy ul dlwng umoig Apood
d1y}| pue diwnd passyieam Yos buiuieluod sake| pasayleam A|6uoils  [enpess |Ios HdIYL Wd g YlM Mo[aq 1dejuod dieyS  ‘UOIIEI IISIEOD Ul DIWNG A3ID Sy 351e0) K137\ |epowAjod 4 priyeised
‘diwnd 3|qiposs Ajisea 1yos pue
SOIYM| Bululejuod jeudjew ydu-Aej> palepljosuod UMOIG-MO|[RK UIylm ‘JI0S ¥I1Y} WD 8 UM IA0GR }OeIUO0D "uoljdely J3UY Ul SdUIX0IAJ ysy Apood
sIn22Q "doudIno dy) SSoude SuIyl pue suaxdIyl JaKe| passyream A|buosls  dieys “10s Y1yl Wd QL YUM MO[3] 10BIUOD [ENPRID  “UOIIDRI) J3SIR0D Ul $IIYT A21D wnipapy £13p  [epowA|od €L >lyeiseq
9dwnd passyieam
1J0s pue sd1yy| Buluieluod [euslew Yyou-Aed pajepljosuod umolig-mojak "I0S 1Y} Wd QL Yim anoqe Apood
uiyym dodino ay3 ssoude syaxdod ul sieadde jeyy Jake| pasayieam Abuosls  pue I0s YIIY} WD €] YIM MO[3] SIBIUOD [enpein SIYHT A31D  ysy asieo) f1d3p  |epown] 4 qyeived
"I9MO| E'lyeISey 0} Jejiwis KIS/ "S1sepd 0S DIy WD €] Yim dAoge 10eju0d dieys deq Jaddn
921wnd umoiq/abuelo Apueuiwopaid Buiuieyuod Jake| pajepijosuodun 3PPIW e'1YeISed YUM MO|3( 1DBIU0D |enpein dlwng umoug ENERSEYY KjHoog |epowig ¥ e'jyeiaed
‘uonely
"anoqe Jaddn e'yeised Jauy Ul dIwng umoig ysy 3ppiw
‘pajeuiwop ad1wnd £316 pazis yse as1eo?) “1ake| palepljosuod A[IYbIS 01 pue JSMO| B'IYeISRd UM MO[3 SIDBIUOD [ENPRID  “UOIIDRIJ J9SIEOD Ul 9dIwNng A3JD  3s1e0) AISp Apood  |epowiun 4 e'jyelseq
"uoldely JdUY
*s21yM| pue sd1wnd pazis 1jjide| sutejuo) “ured "3|ppIW B'IYe19ed Y)UM SAOQR 1De1U0D Ul dIWNG UMOIg “UOIIdRIY ysy 1amo|
Buu ay3 ssoude 3jqeynuapl Ajisea 3sow Y3 si Ydiym ‘1ake| pajepijosuodun |enpeln “JIos Wd 9 3y} YHm Mojaq 1oejuod dieys 1951202 Ul dd1wnd £a1n  asieo) A19p Apood  [epowiAjod 8 e'lyeiaed
uondudsag 1oeIU0D) Anuauodwo) (ueaw) buiios  Aujepoly (W) ssaupIyL 19ke
9zIS uleln winwixepy
(100Z 944

pue 110]g) siskjeue | y]SIpeso pue buiaals A1p ybnoiyl pauwialap sia1sweled azis ujeln (9 pue G suoiledo] | 2inbl4) SUOIILIO| 3DUIRJRI 1Ye1ded OM] 3] 1k seydal 1yeiaeq ays jo uondudsaq *z ajqeL



Table 3. Comparison of initial stratigraphic sequence of the
Poto and Paetahi Formations from Alloway et al. (1995),
with the new stratigraphy refined in this study.

Alloway et al. (1995) This study

Paetahi.f Paetahi.f

Paetahi.e Paetahi.e upper
Paetahi.e middle
Paetahi.e lower

Paetahi.d Paetahi.d

Paetahi.c Paetahi.c

Paetahi.b Paetahi.b

Paetahi.a Paetahi.a upper
Paetahi.a middle
Paetahi.a lower

Poto.o Poto.o

Poto.n Poto.n

Poto.m Poto.m

Poto.l Poto.l upper
Poto.l lower

Poto.k Poto.k upper
Poto.k lower

Poto,j Poto,j

Poto.i Poto.i

Poto.h Poto.h

Poto.g Poto.g

Poto.f Poto.f

Kawakawa-Oruanui Tephra Kawakawa-Oruanui Tephra

Poto.e Poto.e

Poto.d Poto.d

Poto.c Poto.c upper
Poto.c lower

Ngaere DAD Ngaere DAD

Poto.b Poto.b

Poto.a Poto.a

at the start of the Poto Formation (31%), following the
Ngaere DAD (40%), through the middle of the
sequence (30%-32%) and at the end of the Poto For-
mation (63%). There is also a marked increase in crys-
tal abundance towards the middle and upper Paetahi
Formation (37%-50%). A higher proportion of free
crystals in the small size fraction marks the top units
of both formations.

Source eruption parameters

Isopach and isopleth maps for the Poto and Paetahi
tephras show elliptical dispersal patterns with aspect
ratios ranging from 0.1-0.7 (Figures 9-11; Tables 5
and 6; supplementary material Figure 3-5; Tables 2
and 3). The most widespread fallout deposits are
Poto.h, Paetahi.a lower, Paetahi.e lower, and Paeta-
hi.e upper, which have the largest isopach areas of
AY?=2365, 3229, 26.88, and 30.31 km® respect-
ively. The coarsest layers with the largest areas
defined by pumice isopleths are Poto.a, Poto.f,
Poto.g, Paetahib, and Paetahid with A'?>=7.75,
9.58, 7.94, 12.2, and 8.54 km? respectively. Poto.b
shows the smallest dispersal (isopach A=
4.94 km?), and layers Poto.l upper, Poto.m, Poto.n,
Paetahi.a middle and Paetahi.f have the smallest
pumice isopleth areas (A'?=592, 592, 6.0, 5.1,
and 6.0 km” respectively). The largest dispersal
area for Paetahi.a lower does not come with the
coarsest grain size. The thickness of proximal
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deposits was not available because the older
sequences are buried beneath younger material clo-
ser to the volcano, leading to a potential underesti-
mation of eruptive volumes with the parameters
calculated here representing minimum volumes.
Most tephra layers show a similar dispersal direction
with main dispersal axes to the east and southeast
with some being dispersed to the southwest. The
deposits to the southwest need further investigation
to allow correlation to the eastern stratigraphy.

Some layers show a dog-leg depositional pattern
that trends towards the east before bending south-
eastwards (e.g. Poto.j and Paetahi.e middle). The
dog-leg feature can impact the volume calculations
due to the bend in the isopachs affecting the measure-
ments of the long access of dispersal. This feature
could be due to preservation of and/or access to the
deposits, especially in the south where deposits have
been eroded by subsequent activity or covered by
tens of metres of younger material. The lack of out-
crops of the Poto and Paetahi Formations in the
northeast might also be caused by deep burial with
younger eruptive products due to this being the domi-
nant wind direction and through industrialisation in
this region. However, it could also be the result of
different wind directions at different altitudes, i.e.
the column reaches a certain height with distance
from the vent where after initial deposition to the
east a changing wind direction disperses the tephra
to the southeast (Sarna-Wojcicki 1981). Models by
Weir et al. (2022) for medium to large explosive erup-
tions from Mt. Taranaki show tephra dispersal across
the eastern and southeastern ring plain once the erup-
tion column becomes high enough. The models show
a southeastern distribution for M1-3 and L2 eruptions,
with L1 and L3 eruptions showing a distribution to the
predominant northeast corresponding to mass flow
rates of 3 x 10° to 10 x 107 kg-s_1 (Weir et al. 2022).

Calculated tephra volumes vary between 0.01 and
0.26 km® (Table 5; supplementary material Table 2)
with a total volume of 1.6 km® for the Poto Formation
and 1.4km’ for the Paetahi Formation. Paetahi.a
lower and Paetahi.e middle have the largest eruptive
volumes (0.26 km?).

Column heights calculated for the individual erup-
tive events range from 10-20 km, corresponding to
subplinian eruptions (Figure 12; Table 7). Mass dis-
charge rates (Q) for the eruptive events are in the
order of 10° to 10° m?®/s, with the corresponding
mass eruption rates (MER) ranging from 10° to 10°
kg/s (Table 7). These numbers are minimum values
due to the lack of proximal data. The smallest plume
height and MER for each formation were observed
for the Paetahi.d and Poto. lower with heights of
9.98 and 10.24 km and MER of 10° kg/s 10° kg/s,
respectively. Paetahi.a lower and Paetahi.e middle
have the largest plume heights (19.37 and 19.18 km)
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Figure 5. Stratigraphy of the Poto Formation and physical properties, including grain size (FA = fine ash, CA = coarse ash, FL = fine
lapilli, and CL = coarse lapilli and B = blocks), sorting, conduit conditions (S = stable conduit system, W = conduit widening and U
= unstable column/conduit wall collapse), and eruption classification (MB = multi-phase and SB =single phase eruptive layer).
Colours within the stratigraphic column correspond to the colour of the depositional layers in the field. Grain-size classification
and sorting (very poorly, poorly, moderately, well, very well) of the deposits determined through dry sieving and GradiSTAT (Blott

and Pye 2001).

and MER (107 kg/s) of all studied tephras, with Poto.a
displaying the largest plume height (18.67 km) and
MER (10’ kg/s) for the Poto Formation. The calcu-
lated plume heights and magnitudes between 3 and
4.5 (Figure 12; Table 7) indicate subplinian eruptions
with VEIs 3 (moderately large) to 4 (large) (Newhall
and Self 1982; Cioni et al. 2015). Estimated minimum
duration of individual subplinian events of the Poto
and Paetahi Formations range from 1 to 2.5 hours
(Figure 13; Table 7).

Interpretations

This study into the stratigraphy and lithosedimentolo-
gical properties of the Poto and Paetahi Formations
provides an in-depth view of eruptive conditions at
Mt. Taranaki between 23.1 and 27.30 ka adding to
the known <30 ka record. The eruptive period encom-
passing the Ngaere and Pungarehu collapses was
characterised by twenty-eight subplinian eruptive
events with similar eruption magnitudes and
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Figure 6. Stratigraphy of the Paetahi Formation and physical properties, including grain size (FA = fine ash, CA = coarse ash, FL =
fine lapilli, CL = coarse lapilli and B = blocks), sorting, conduit conditions (S = stable conduit system, W = conduit widening and U
= Unstable column/ conduit wall collapse), and eruption classification (MB = multi-phase and SB = single phase eruptive layer).
Colours within the stratigraphic columns correspond to the colour of the depositional layers in the field. Grain-size classification
and sorting (very poorly, poorly, moderately, well, very well) of the deposits determined through dry sieving and GradiSTAT (Blott

and Pye 2001).

conditions recording a high frequency of large explo-
sive events over a 4,000-year interval. This differs from
the younger eruptive activity at Mt. Taranaki, which
consists of less frequent large explosive eruptions
within multi-phase effusive and smaller explosive
events. The large eruptions that did occur were predo-
minantly distributed to the northeast differing from
the east and southeastern distribution seen for the

Table 4. Description of the components found within the Poto
and Paetahi tephra layers.

Lithology Subgroup Description

Juveniles Brown Pumice Brown to orange pumice clasts which
cover a range of densities. Differences
in vesicularity were not observable in
hand specimen.

Grey Pumice Light to dark grey pumice clasts which
cover a range of densities. Differences
in vesicularity were not observable in
hand specimen.

Lithics Altered Pumice  Brown and grey pumice clasts of
previously erupted material which
have an orange to white coating over
all or part of the clast

Grey Lithics Dark grey andesitic lava fragments

Altered Lithics Dark grey andesitic lava fragments
which have an orange, white coating
over all or part of the clast

White Clay White claystone

Material
Free Feldspars Glassy, white translucent blocky crystal
Crystals ~ Pyroxenes Dark monoclinic crystals

Glomerocrysts Accumulation of crystals

Poto and Paetahi subplinian events (e.g. Platz et al.
2007; Platz et al. 2012; Torres-Orozco et al. 2017a,
2018; Torres-Orozco et al. 2017b; Lerner et al. 2019a;
Lerner et al. 2019¢; Cronin et al. 2021). The strati-
graphic position of the Poto and Paetahi Formations
in relation to the Ngaere and Pungarehu Formations
provides a unique opportunity to investigate the
impacts of edifice failure on the eruptive processes
and size of eruptions at a frequently collapsing strato-
volcano. This 4 kyr eruptive period is characterised by
two major collapse events (Figure 12; Table 7) that
removed large portions of the edifice: 5.85 km® as a
result of the 27.3 ka Ngaere and 7.5 km® during the
24.8 ka Pungarehu collapse (Neall 1979; Alloway
et al. 2005; Zernack et al. 2011). The later failure was
equivalent to 60% of the present-day volume of the
MLt. Taranaki edifice above 1400 m elevation (Zernack
et al. 2011; Cronin et al. 2021). Removing such large
volumes of material from the upper edifice can signifi-
cantly influence the post-collapse eruption style
depending on the location of the magma source in
relation to the upper edifice. The age of the Pungarehu
DAD puts the collapse within the period of the Poto
and Paetahi Formations (Alloway et al. 2005). The
presence of 5 ash fall layers below the Pungarehu
DAD within coastal cliff sections of the southwestern
ring plain sector further supports the placing of the
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Figure 7. Variation of components making up the —1.5 and 0.5 ¢ size fractions of the Poto tephras in relation to stratigraphy
(colours in the stratigraphic column as in Figures 5-6). Line graphs show the combined juvenile and lithic proportions of the ana-
lysed clasts from within the 0.5 ¢ size fraction throughout the sequence.

Pungarehu DAD within the eastern stratigraphy
(Figure 12).

The proportions of juvenile, lithic, and free crystal
components within the different tephra units provide
insights into changes in conduit conditions and
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geometry, which can influence eruption styles (Mace-
donio et al. 1994; Paredes-Marino et al. 2019). The
dominance of lithics within a fall layer indicates con-
duit widening, where lithic clasts are ripped off the
conduit wall by the rapidly ascending magma
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Figure 8. Variation of components making up the —1.5 and 0.5 ¢ size fractions of the Paetahi tephras in relation to stratigraphy
(colours in the stratigraphic column as in figures 5-6). Line graphs show the combined juvenile and lithic proportions of the ana-
lysed clasts from within the 0.5 ¢ size fraction throughout the sequence.
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Table 5. A representative selection of eruptive volumes calculated using AshCalc (Daggitt et al. 2014), using isopachs from the
Poto and Paetahi Formations. The remainder of the isopach parameters for the Poto and Paetahi Formations can be found in the

supplementary material Table 2.

Perimeter Aspect
Tm) AKmY) A1/2 (km) Shape factor  Long axis  Short axis ratio k theta lambda  AshCalc Volume (km?)
Poto.a 0.9774  0.01208 90.85 0.204
0.1 10495 10.24 85 0.18 40.62 5.03 0.12
0.05 340.01 1844 97 0.45 43.93 13.78 0.31
Poto.c lower 0.3398  0.004603 76.62 0.1717
0.05 185.03 136 83 0.34 39.68 7.54 0.19
0.03 32066 1791 92 0.48 42.26 11.96 0.28
Paetahi.a lower 0.932 0.01 99.36 0.26
0.1 157.23 1254 93 0.23 43.43 7.58 0.17
0.05 419.26  20.48 114.00 0.41 52.02 11.31 0.22
0.03 104252 32.29 138.00 0.69 58.19 23.53 0.40
Paetahi.a middle 113 0.02 41.16 0.06
0.05 131.87 1148 103.0 0.16 50.10 5.75 0.11
0.02 550.64 2347 107 0.60 48.97 14.50 0.30

(Campbell et al. 2013; Houghton and Carey 2015).
Variations in the abundance of lithic clasts throughout
an eruptive sequence can indicate pressure changes
within the conduit, coupled with a change of depth
where fragmentation occurs (Varekamp 1993; Tad-
deucci and Wohletz 2001). The geometries of the vol-
canic plumbing, conduit and vent systems control the
dynamics of magma ascent and impact the magma
supply and discharge rate during an eruption (Scan-
done and Malone 1985; Bursik 1993; de” Michieli Vit-
turi et al. 2008; Aravena et al. 2018). Layers dominated
by juvenile clasts indicate that magma fragmentation
was the dominating process, along with a stable con-
duit vent system (Taddeucci and Wohletz 2001). The
Poto and Paetahi Formations comprise seventeen
events characterised by a stable conduit, seven conduit
widening events represented by lithic-dominated
layers overlying a soil layer that represents a signifi-
cant break in eruptive activity, and four unstable col-
umn/conduit-wall collapse events marked by lithic-
dominated layers that follow previous eruptions with-
out a break in time (no soil layer present) (Figures 5
and 6). Within the sequence, only one surge deposit
was identified. This thin 4 cm very fine dark brown
silty layer was found at the Ronald Road reference

Table 6. A representative selection of the isopleth parameters
for the Poto and Paetahi Formations. The full set of isopleth
parameters can be found within the supplementary data
Table 3.

Phi (8) A (km?) A1/2 Perimeter (km) Shape factor
Poto.a

-2.5 415 20.37 86 0.71
-3 112 10.58 47 0.64
-35 60 7.75 35 0.62
Poto.c lower

-0.5 43 6.56 29 0.64
-3.5 45 6.71 35 0.46
Paetahi.a lower

-2.5 601 24.52 124 0.49
-3 206 14.35 77 0.44
—4 132 11.49 69 0.35
Paetahi.a middle

-35 85 9.22 52 0.4
—4 26 5.1 34 0.28

section for the Poto Formation directly overlying
Poto.e. Poto.i, previously described as a surge deposit
(Alloway et al. 1995), is here reclassified as a heavily
weathered fall deposit based on its sedimentary fea-
tures and grain size distribution. This study did not
observe any other pyroclastic flow or lahar deposits
within the stratigraphic record of these two
formations.

Fluctuations in the size of the eruptions can be seen
throughout the sequence with smaller subplinian
events preceding the collapse events (Figure 12;
Table 7). Prior to the Ngaere collapse, the conduit
was widening, emplacing the Poto.b tephra. While
trigger mechanisms for edifice failure at Mt. Taranaki
are not well constrained, Alloway et al.(2005) postu-
lated a Bezymianny-type failure for the Ngaere event
due to the close stratigraphic relationship of the
DAD with the underlying Poto.b. This type of mech-
anism has been observed at other volcanoes around
the globe, e.g. at Mt. St. Helens (Druitt 1992; Belousov
et al. 2007), and Bezymianny (Belousov et al. 2007)
(Siebert et al. 1987; Vallance et al. 1995; Girina 2013;
Pallister et al. 2017). Eruptive activity prior to the Pun-
garehu failure is characterised by stable conduit con-
ditions, making it difficult to determine the collapse
trigger. While a direct relationship with explosive
activity or magma intrusion is not indicated by the
tephrastratigraphy other likely trigger mechanisms
include seismically induced or gravitational, collapse
(Alloway et al. 2005; Zernack et al. 2009; Zernack
and Procter 2021).

Discussion
Eruption parameters and uncertainties

Previous analysis of eruptive activity from Mt. Tara-
naki has predominantly focussed on Holocene events,
primarily due to the limited preservation of and access
to older material. Studies of primary successions have
mostly involved deposits that have contributed to the
construction of the present-day edifice. However, this
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represents only <10 kyr of stratigraphy and a limited
range of primary deposits. In contrast, the ring plain
preserves deposits extending from present day
through to approximately 200 ka (Neall 1979; Neall
et al. 1986; Alloway et al. 1995; Alloway et al. 2005;
Procter et al. 2009; Zernack et al. 2009; Zernack
et al. 2011; Damaschke et al. 2017; Zernack 2021).
Deposits older than 20 ka are very rarely studied
because they are typically buried under tens to hun-
dreds of metres of younger volcaniclastic material
(Zernack et al. 2011) and can also be significantly
weathered. Older volcaniclastic sequences (<100 ka)
at Mt. Taranaki are exposed along coastal cliffs around
the southern and western ring plain due to uplift and
coastal erosion (Pillans 1990; Palmer et al. 1991; Zer-
nack et al. 2011; Zernack 2021). While some primary
fall deposits are embedded in soil and peat layers
within these coastal cliffs (Zernack et al. 2009), these

show limited lateral extent due to poor preservation
in the mass-flow dominated succession.

The total Poto tephra volume is at least 1.6 km®
with individual events ranging from 0.01-0.2 km?,
magnitudes between 3 and 4.5 (Table 7) and eruption
column heights between 10 and 19 km. The total Pae-
tahi tephra volume is at least 1.4 km’ with individual
events ranging from 0.01-0.26 km’, magnitudes
between 3 and 4.5 (Table 7) and eruption column
heights of 9.98-20 km. Our study highlights that Mt.
Taranaki can produce multiple magnitude 3-4.5 erup-
tions at regular intervals within an eruptive period, a
much higher frequency of large explosive events
than previously recorded within the younger volcanic
history (c.f., Alloway et al. 1995; Platz et al. 2007; Platz
et al. 2012; Torres-Orozco et al. 2017a, 2018; Torres-
Orozco et al. 2017Db). Distinct contacts between intern-
ally homogenous units indicate that they represent
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single-phase events. These single subplinian eruptions
were separated from each other by either long or short
periods of quiescence, as indicated by intercalated soils
or a sharp lithological change between layers, respect-
ively. In contrast, variations in lithosedimentological
deposit characteristics suggest that these layers were
produced by multi-phase events with internal vari-
ations recording changing conditions during the erup-
tion. Due to the age of the Poto and Paetahi
Formations, proximal deposits are not accessible or
preserved within the stratigraphic record, meaning
that smaller eruptive events occurring during this
time might have been missed by this study. Younger
eruptive records indicate that effusive eruptions
coupled with smaller explosive activity were common
at Mt. Taranaki (e.g. Platz et al. 2007; Torres-Orozco
et al. 2017a; Torres-Orozco et al. 2017b), including
directed pyroclastic density currents. The scarcity of
such deposits, however, does not exclude the

occurrence of smaller eruptive activity during the
studied interval but is likely the result of their confine-
ment to the proximal sector of the ring plain (e.g.
Torres-Orozco et al. 2017a; Torres-Orozco et al.
2017b; Torres-Orozco et al. 2018; Lerner et al. 2019a;
Lerner et al. 2019b; Lerner et al. 2019c¢), as supported
by the presence of a small surge deposit associated
with Poto.e.

Poto. a, cl, cu, d, f, I, ku, 11, lu, m, n, Paetahi. al, am,
au, b, d and el are dominated by juvenile material
(>50% juvenile clasts in the —1. 50 size fraction) indi-
cating an increased level of magmatic fragmentation
(c.f., Taddeucci and Wohletz 2001; Cioni et al.
2015). Stable conduit events are indicated through a
higher presence of juvenile clasts as the magma
ascends freely through the conduit without excavating
the conduit walls (Carey and Houghton 2010; Par-
edes-Marifio et al. 2019). In contrast, Poto. b, e, g, h,
j» kl, o, Paetahi. ¢, em, eu, and f have lithic contents
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(> 50% in the —1. 50 size fraction) indicating that the
conduit system was experiencing widening or instabil-
ity, whereas stable conditions are suggested by lithic
contents less than 50%. The Lithic contents in the
—1. 50 size fraction were used as the increase in crystal
content in the 0.5 8 size fraction subdued the percen-
tages. An increase in the percentage of lithics within
multi-phase events as seen in Poto.kl with a lithic
increase of 17% and Paetahi. em with a lithic increase
of 39% could be related to conduit wall collapse as the
mass eruption rate during these eruptions decreased,
reducing the height of the eruption column without
resulting in a column collapse (Poto.kl 16.1 km,
Poto.ku 12.8 km, Paetahi.el 19.2 km, Paetahi.em 19.4
km, and Paetahi.eu 19.1 km) (c.f, Taddeucci and
Wohletz 2001; Carey and Houghton 2010; Campbell
et al. 2013; Paredes-Marifio et al. 2019). Although con-
duit wall collapse or widening is evident within several
layers (Poto. b, e, g, h, j, ki, o, Paetahi. ¢, em, eu and f)
only Poto.e shows evidence of a column collapse with
a thin surge deposit preserved at the reference location
(Figure 1; location 1 and Figure 3).

The influence of edifice collapse on pre- and
post-eruptive behaviour

A wide range of contributing factors can destabilise
a volcanic edifice, including basement tectonics, slop-
ing, gravitational spread, hydrothermal alteration,

magmatic intrusion and climatic conditions (Day
1996; McGuire 2003; Lundgren et al. 2004; Albino
et al. 2010; Tormey 2010; Roverato et al. 2021).
These factors gradually or abruptly weaken the
edifice before a trigger mechanism (i.e. magmatic,
seismic or climate-/weather-related) generates a col-
lapse (e.g. Gorshkov 1959; Bogoyavlenskaya and Kir-
sanov 1981; Elsworth and Voight 1995; Elsworth and
Voight 1996; Roverato et al. 2021). Three main trigger
scenarios have been recognised (Moriya 1980; Siebert
et al. 1987). Collapse associated with a magmatic erup-
tion (Bezymianny-type) was first described following
the 1957 eruption of Bezymianny Volcano (Kam-
chatka) and is related to magmatic activity (Gorshkov
1959; Bogoyavlenskaya and Kirsanov 1981). This can
be in the form of a magmatic intrusion into the
edifice, which was observed in 1980 CE at Mt.
St. Helens where the collapse resulted in a lateral
blast (Voight et al. 1980; Crandell and Hoblitt 1986;
McEwen and Malin 1989; Glicken 1996). Or failure
can be triggered by magmatically induced seismicity
along with changes in the pore pressure of the rock
through mechanical and temperature changes (Voight
et al. 1981; Voight et al. 1983; Siebert et al. 1987; Els-
worth and Voight 1995; Voight et al. 2002; Zernack
and Procter 2021). Other global examples of magma-
tically induced collapses include Show-Shinzan, Usu-
Shinzan (Katsui et al. 1985); and Usu (Minakami
et al. 1951). In contrast, Bandai style collapses,
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named after the 1888 CE explosion at Bandai San Vol-
cano (Japan), are triggered by a phreatic eruption
without magma being involved. These events are
characterised by a lack of juvenile material within
the collapse-generated debris avalanche deposit and
absence of pyroclastic deposits above or below (Rover-
ato et al. 2021). Tectonic earthquakes can trigger col-
lapse of unstable edifices (Unzen-style) without an
eruption occurring as observed in 1792 CE at Unzen
Volcano and in 1984 CE at Ontake Volcano (Voight
and Elsworth 1997; McGuire 2003).

However, identifying the mechanism that triggered
edifice collapse is often impossible (Zernack and Proc-
ter 2021), with the exception of several historical cases
where it has been constrained, e.g. 1888 CE Bandai;
1956 CE Bezymianny; 1964 CE Shiveluch; 1972 CE
Unzen-Mayuyama; 1980 CE Mt. St, Helens, 1984 CE
Ontake; and 1997 CE Soufriere Hills (Roverato et al.
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2021). Determining what triggered prehistoric or
unobserved failures is difficult due to the lack of evi-
dence for potentially preceding seismic or eruptive
activity. Pyroclastic deposits directly over- or under-
lying DADs are not always preserved due to distance
from source, erosion and prevailing wind direction
(Ponomareva et al. 2006; Sherrod et al. 2007; Zernack
et al. 2009; Schaaf and Carrasco-Nuiez 2010; Boudon
et al. 2013; Watt 2019) and sedimentological features
within the produced deposits typically do not record
the nature of the trigger either (Zernack and Procter
2021). And while a high proportion of juvenile clasts
in DADs could suggest that they were generated
during periods of volcanic activity (Zernack et al.
2009; Zernack and Procter 2021), the presence of
pumice within DADs is not necessarily evidence for
an eruption-induced collapse as large amounts of
pumice can be sourced from the surrounding sub-
strate (van Wyk de Vries et al. 2001; Shea et al.
2008; Watt 2019). In addition, even if collapse it not
linked to a magmatic intrusion, eruptions can be trig-
gered by a reduction of lithostatic pressure if eruptible
magma is present at shallow levels (Watt 2019).

At Mt. Taranaki the trigger mechanism for debris
avalanches is unknown except for the Ngaere collapse,
which was postulated to be associated with a magmatic
eruption (Bezymianny-style collapse) due to its close
relationship to the directly underlying Poto.b (Allo-
way et al. 2005). The remaining collapse events at
Mt. Taranaki show no evidence of the trigger mechan-
ism, which could be related to the distance from
source where the deposits were observed, their distri-
bution around the volcano in relation to the primary
wind direction (north-east) and thus tephra dispersal,
and preservation and erosion of encompassing depos-
its (Zernack et al. 2009). A large proportion of juvenile
pumices within the 80-35 ka DADs suggests that these
events occurred during an active eruptive period of
Mt. Taranaki’s history with tectonic events such as
large-scale fault movements or gravitational settling-
related faulting being the most likely triggers for col-
lapse once a critical edifice height has been reached
(Zernack et al. 2009).

In addition, climatic factors such as high-intensity
rainstorms can cause a reduction in edifice strength
due to saturation (McGuire 2003; Scott et al. 2005;
Carrasco-Nuiez et al. 2006) and could have initiated
smaller failures at Mt. Taranaki (Zernack et al. 2009).

A sudden shift in the lithostatic pressure following
a collapse event can influence the eruptive behaviour
associated due to depressurisation and unloading
impacting the magmatic system below (Pinel and Jau-
part 2005; Albino et al. 2010; Pinel and Albino 2013).
This has been linked to the relationship between
edifice size, magmatic reservoir and collapse volume
(Watt 2019; Zernack and Procter 2021). A collapse
can cause a change in eruptive style, increased
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Table 7. Estimated eruption parameters for the Poto and Paetahi Formations based on the calculated volumes listed in Table 3
through AshCalc (Daggitt et al. 2014), calculated using Pyle (2000) and Mastin et al. (2009). The full dataset is provided as

supplementary data Table 2.

Column height (H) Volume Discharge m/s (Q) Log10 Mass eruption  Eruptive magnitude Duration Eruption
Formation Layer  (Mastin et al. 2009) (Mastin et al. 2009) rate (MER) (kg/s) (Pyle 2000) (hours) style
Poto a 18.7 11149.5 7.45 4.31 2.03 Subplinian

b 13.3 3044.6 6.88 3.51 1.17 Subplinian
Ngaere DAD
cl 18.2 10046.8 7.4 4.23 1.9 Subplinian
cu 14.6 4260.9 7.03 3.69 1.28 Subplinian
d 14.0 37105 6.97 3.61 1.23 Subplinian
e 14.6 43339 7.03 3.70 1.28 Subplinian
f 16.8 7425.8 7.27 4.03 1.6 Subplinian
g 16.7 7253.9 7.26 4.01 1.58 Subplinian
h 15.8 5875.9 7.17 3.88 1.43 Subplinian
i 14.6 4270.9 7.03 3.69 1.28 Subplinian
j 1.9 1984.2 6.70 3.30 1.1 Subplinian
k.l 16.1 6260.1 7.19 3.92 147 Subplinian
k.u 12.8 2614.5 6.82 343 1.14 Subplinian
Ll 10.2 1097.5 6.44 3.04 1.1 Subplinian
lLu 14.9 4669.6 7.07 3.74 1.31 Subplinian
m 13.1 2867.3 6.86 348 1.16 Subplinian
n 1.7 1827.6 6.66 3.26 1.10 Subplinian
o 17.5 87233 7.34 414 1.74 Subplinian
Paetahi al 19.4 12850.0 7.51 441 2.25 Subplinian
a.m 15.1 4967.2 7.09 3.78 1.34 Subplinian
a.u 16.9 75721 7.28 4.04 1.61 Subplinian
b 15.1 4967.2 7.09 3.78 134 Subplinian
C 151 4967.2 7.09 3.78 1.34 Subplinian
d 10.0 992.1 6.39 3 1.12 Subplinian
Pungarehu DAD
el 19.2 12369.7 7.49 439 2.19 Subplinian
e.m 19.4 12850.0 7.51 4.41 2.25 Subplinian
el 19.1 12179.5 7.48 437 2.16 Subplinian
f 12.0 2007.6 6.70 330 1.1 Subplinian

eruption rate (frequency and/or magnitude), or a shift
towards a more mafic composition (c.f., Siebert et al.
2004; Tibaldi 2004; Hora et al. 2009; Manconi et al.
2009; Watt 2019), although some volcanoes display
no apparent change in eruptive behaviour (Ponomar-
eva et al. 2006; Zernack et al. 2012; Zernack and Proc-
ter 2021). Post-collapse changes in eruptive styles have
been observed globally, for example, a shift from
dome-forming activity to explosive eruptions at
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Pelée, Martinique (Boudon et al. 2013; Germa et al.
2015; Watt 2019). Large explosive events triggered
by collapse were followed by effusive activity at Mt.
St. Helens in 1980 CE (Glicken 1996), Bezymianny
in 1956 CE (Belousov et al. 2007), and Augustine in
1883 CE (Siebert et al. 1987; Watt 2019). The post-col-
lapse effusive dome-building stage at these volcanoes
began to fill in the collapse scars (Watt 2019). The
response of the magmatic system following edifice

Key:
Red Andesite tephra
(Grey Andesite tephra
| Andesite tephra
=E3 o0 0o o g —E3 W
g e32F 55222 5
S EEREE B
g o aa g &se
a

Figure 13. Histogram showing the calculated duration of eruptions that produced the Poto and Paetahi tephras. Colours relate to

the stratigraphic colours in Figure 12.



collapse is confined to the mid-upper crustal system
(Watt 2019).

Apart from Mt. Taranaki, many volcanoes globally
have experienced multiple collapse events throughout
their eruptive history, e.g. Mt. Rainier (6) (Crandell
1971; Scott et al. 1995; Vallance and Scott 1997); Mt.
St. Helens (4) (Hausback and Swanson 1990; Glicken
1996); and Mt. Ruapehu (10) (Keigler et al. 2011;
Tost et al. 2014; Tost and Cronin 2016). Collapses
are followed by periods of regrowth resulting in
DAD:s being intercalated with primary and secondary
deposits across the volcanic ring plains (Zernack et al.
2011; Zernack and Procter 2021). The recurrence rate
of debris avalanches is related to the magma supply
rate of a volcano and can range from 0.1-1 kyr for fre-
quent small collapse (>1 km?) typical for small dome
collapse edifices, and 1-10 kyr for small to large fail-
ures (<1 km?) at stratovolcanoes and to 10-100 kyr
for the largest observed collapses (>20-5,000 km?)
observed at ocean island volcanoes (Zernack and
Procter 2021 and references therein) Mt. Taranaki
has experienced at least fourteen collapse events
since 200 ka with volumes ranging from 1-7.5 km’
and a recurrence rate of 8-9 kyr corresponding to a
magma supply rate of 0.45 km*/kyr (Zernack et al.
2012b; Zernack and Procter 2021). Observed high
recurrence rates at Shiveluch and Mt. St. Augustine
(600-2,000 years and 150-300 years) is related to a
high magma supply rate of 15 km>/kyr and 1-3 km’/
kyr respectively and small collapse size (1-2.5 km’
and 0.2-0.5 km” respectively). In comparison Mt. Tar-
anaki has experienced much larger edifice collapse
events with the Ngaere and Pungarehu corresponding
to approximately 60% of the edifice volume above
1400 m being removed (Zemeny et al. 2023).

However, the short recurrence time and large mag-
nitude of the Ngaere and Pungarehu is unusual in a
global context as a repose time of c. 2,500 years
between failures appears to be too short to fully
rebuild the edifice after the first collapse. A likely
explanation for two large failures occurring in close
succession is that they involved different portions of
the same paleo-edifice, which is supported by the dis-
persal of the resulting debris-avalanche deposits in
opposite directions, the Ngaere to the east followed
by the Pungarehu to the west. The second collapse
although larger removed the remnant cone and did
not involve the material directly above the vent. This
is reflected in the Poto and Paetahi tephras where
the magmatic system was impacted following the
Ngaere but not the Pungarehu collapse.

Post- Ngaere, the Poto and Paetahi Formations
record a higher frequency of large explosive events
than recorded in the younger eruptive succession
(c.f, Neall 1972; Alloway et al. 1995; Platz et al.
2007; Damaschke et al. 2017; Torres-Orozco et al.
2017a; Torres-Orozco et al. 2017b). Open conduit
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conditions following both collapse events allowed
magma to move freely through the system. This was
accompanied by increased eruption column heights
of 18.18 km (Poto.c lower post-Ngaere) and 19.18
km (Paetahi.e lower post-Pungarehu) compared to
pre-failure heights of 13.34 km (Poto.b) and 9.98 km
(Paetahi.d). Such an increase in the frequency of
large explosive events has also been observed at Shive-
luch, Kamchatka (Belousov et al. 1999; Gorbach et al.
2013) and Mt. Pelée, Martinique (32 ka) (Boudon et al.
2013; Germa et al. 2015).

Implications for future eruption scenarios and
hazard modelling

Globally, pre-Holocene volcanic deposits are underre-
presented within stratigraphic studies due to poor
preservation or subsequent burial. Hazard modelling
and mitigation plans for Mt. Taranaki are typically
based on eruption styles and frequency known for
the well-studied <5 ka volcanic history (e.g. McDonald
etal. 2017; Torres-Orozco et al. 2018; Weir et al. 2022).
This short eruptive record fails to account for hazards
associated with morphological changes caused by
small to large edifice collapse events, with the last fail-
ure occurring at 7.5 ka. Our study highlights the
importance of including long-term volcanic records
to generate more accurate hazard models for long-
lived stratovolcanoes that experience frequent edifice
collapse, with the Poto and Paetahi Formations pro-
viding the unique opportunity to investigate the volca-
nic response to repeated collapse and regrowth.

Furthermore, this 4 kyr eruptive period 23.1-27.3
ka, experienced a larger number of major explosive
eruptions with eruption columns reaching heights of
¢. 10-20 km (Bebbington and Jenkins 2019). This con-
trasts the eruptive hazard forecasting for Mt. Taranaki,
which is based on the younger record characterised by
a lower frequency of major explosive eruptions, and a
wider range of eruptive styles e.g. effusive to large
explosive (Torres-Orozco et al. 2017a, 2018; Torres-
Orozco et al. 2017b; Bebbington and Jenkins 2019;
Weir et al. 2022). Within the last 5,000 years, sixteen
subplinian to plinian eruptions have been recorded
(column heights14-29 km; and magnitudes of 4.1-
5.1), with the last occurring in 1655 CE (Platz et al.
2007; Torres-Orozco et al. 2018). This indicates that
the higher frequency of large explosive eruptions
during the Poto and Paetahi eruptive periods could
be a response to the collapse-induced morphological
changes of the edifice, which generated an open sys-
tem that allows magma to freely ascend to the surface
without stalling.

Furthermore, the dispersal of the Poto and Paetahi
tephras across the southeastern ring plain differs from
the predominant northeastern distribution seen for <5
ka tephras (Torres-Orozco et al. 2017a, 2018; Torres-
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Orozco et al. 2017b). This finding is supported by
modelling, which shows that eruptions of a certain
size produce tephra dispersal across the southeastern
sector of the ring plain (Weir et al. 2022). Thus, our
study highlights the limitations of using only Holo-
cene records for risk assessments, as this short interval
might not fully capture how eruptive styles and the
dispersal of eruptives may be changing over longer
time scales or in response to external factors.

Conclusions

Investigating a sequence of eruptions that comprises
two major edifice collapses exposed the complexity
of long-term volcanic processes at an andesite strato-
volcano and their role in eruption behaviour. Our
revised stratigraphy for the Poto and Paetahi For-
mations shows that this period in Mt. Taranaki’s his-
tory was marked by increased explosive activity that
produced twenty-eight subplinian events and one pyr-
oclastic surge deposit. These tephra formations differ
from previously studied younger eruptive periods,
which show a wider array of eruptive styles and less
frequent large explosive events. The 4 kyr Poto and
Paetahi eruptive periods were characterised by fre-
quent and consistently large explosive events with a
total eruptive volume of 3 km® and 0.01-0.26 km® of
tephra produced during individual eruptive events.
Eruption column heights ranged from 10-20 km
with eruption magnitudes of 3-4.5 VEI. Post-collapse
eruptions were larger than pre-failure events with
eruption sizes varying during edifice growth between
the two collapse events. Throughout this period of
increased large explosive eruptions, changes in com-
ponentry between layers indicate varying conduit con-
ditions with seventeen units being classified as stable
conduit events, seven as conduit widening events,
and four as unstable column/conduit wall collapse
events.

The dispersal of the studied tephras to the east and
southeast differs from younger deposits at Mt. Tara-
naki, with some additional layers identified along the
southwestern coastline that fall within the same
period. However, further work is required to integrate
these into the stratigraphy. While the distribution of
the Poto and Paetahi tephras diverges from the predo-
minant northeasterly distribution of younger tephras
due to the prevailing westerly wind direction, it sup-
ports tephra fall models for the area which show erup-
tions of a certain size being distributed to the
southeast. Thus, our results have significant impli-
cations for future volcanic risk assessment in the Tar-
anaki region and should be taken into account for
developing future hazard scenarios.

The relationship between collapse volume and total
volume of the edifice appears to play a role for the
size of post-failure eruptions and potential changes or

lack of changes seen in subsequent eruptive styles.
The Pungarehu and Ngaere DADs both represent a sig-
nificant percentage of the cone (up to approximately
60%) being removed, depressurising the system, and
resulting in a 4,000 year-long period of heightened
explosive activity at Mt. Taranaki. The concept of
large edifice collapses leading to an increase in large
eruptive events without changing eruptive styles
might apply to repeatedly collapsing stratovolcanoes
elsewhere. Understanding how eruptive behaviour
may change not only due to magmatic processes but
external influences is critical for hazard forecasting
and planning. Thus, these collapse events and the gen-
eration of the Poto and Paetahi tephra formations high-
light the need to extend eruptive histories for hazard
modelling at volcanoes around the world to include
longer-term records.
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