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ABSTRACT

Temperature can be an important characteristic used to distinguish primary pyroclastic density currents or block-
and-ash flows from other collapses not primarily related to an eruption, and also governs the type and level of
hazard presented by these mass flows. We examined several mass-flow deposits within the AD1000-1800 Maero
Formation at Mt. Taranaki, New Zealand, for field characteristics of hot emplacement—such as the presence of
charcoal, baking of soils, or gas-elutriation piping—and conducted a paleomagnetic study of their thermoremanent
magnetization (TRM) to determine emplacement temperatures. Results show that the majority of the deposits
result from block-and-ash flows emplaced over ~500 °C. Some of these deposits were indistinguishable in the field
from a re-worked or low-temperature emplaced lahar or landslide deposit, indicating that sedimentary features
are not a clear determinant of high emplacement temperature. The high emplacement temperatures suggest that
the time between dome emplacement and collapse during this period was usually brief (<30 years), with some
events consisting of rapid and repeated growth and collapse of lava domes, possibly within the same prolonged

lava effusion episode.
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1 INTRODUCTION

Block-and-ash flows (BAFs) are among the greatest haz-
ards presented by growing lava domes at active volca-
noes. The high speed and temperature of this type of
pyroclastic density current (PDC) makes them deadly
and destructive over distances commonly 5 to ~15 km
from the source. They may occur in individual episodes
over a long period of a volcano’s eruptive record or
in quick succession over a short span of activity as in
the cases of Mt. Sinabung since 2013 [Nakada et al.
2017] and of Soufriére Hills volcano from 1996 to 1998
[Calder et al. 2002]. In both these cases, block-and-
ash flows and eruptions triggered by the dome collapse
necessitated major, largely successful evacuations, but
still resulted in casualties [Robertson et al. 2000; An-
dreastuti et al. 2017].

When there is no historical record of eruptions at an
active stratovolcano, proper assessment of BAF hazard
to the surrounding areas begins with careful observa-
tion and analysis of past volcanic deposits. The goal
of this analysis is to understand the temperature, fre-
quency, and location of previous mass flows at the vol-
cano in order to project future hazard. A major diffi-
culty with this analysis is that BAF deposits are often
interbedded with—and difficult to distinguish from—
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lahar, rockfall, and other colluvial deposits with similar
lithology [Brown and Andrews 2015]. Uncertainty over
deposit type is a hindrance to evaluating the sequence
of past activity. BAF deposits from the same volcano
can even vary between each other based on mode of
transport and deposition, as well as the state of the
dome at collapse (e.g. if it represents several extrusion
events, or has areas of intense oxidation). These fea-
tures lead to different surface characteristics and lithol-
ogy in known hot-emplaced BAF deposits [Charbonnier
and Gertisser 2008; Cronin et al. 2013].

Characteristics associated with high-temperature
BAF deposits include bread-crusted or cooling-
fractured clasts, angular clasts, gas elutriation pipes,
carbonised vegetation, monolithologic clasts, and a
homogenous ash matrix composed of similar material
to the clasts (Figure 1). Under the most favourable
circumstances for identification, cold debris flow
deposits or rock fall deposits tend to have a greater
variety of clast lithologies, a more diverse matrix,
possibly rounded clasts and other features associated
with water, including mud coatings on clasts [Uehara
et al. 2015]. Charcoal can also be re-deposited by
reworking of BAF deposits, and the lithology, clast
roundness, and sorting may be changed very little by
localised re-deposition. Further, gas elutriation pipes
have also been found in both hot and cold deposits
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Figure 1: Photos of typical block-and-ash flow deposit characteristics: [A] charcoalised tree branch. [B] BAF
sequence with the lowest brown unit containing a charred tree trunk and oxidised reddish upper contact. [C]
BAF deposit typical view in outcrop—massive, poorly sorted, with angular and fractured, mostly grey andesite
clasts. Examples are from the Waiweranui unit, Maero Formation, Mt. Taranaki.

under certain conditions [Druitt 1995]. Volcanic mass
flows are deposited over a spectrum of temperatures,
and deposition and preservation patterns are erratic,
which also leads to many cases where sedimentary
properties are ambiguous indicators of temperature.
Dome collapse PDCs and BAFs from hot lava domes
maintain temperatures over 800°C, but can also
be deposited at temperatures between 100-500°C
[Tanaka et al. 2004]. Water-saturated debris flows
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formed from BAFs remobilised by water or channelised
in river catchments can also reach temperatures over
100°C, although they are most typically at ambient
temperature [Thouret and Lavigne 2000]. Sedimentary
characteristics usually considered diagnostic of one
type of pyroclastic deposit may not be universal or
may be difficult to interpret in the field [Fisher and
Schmincke 2012; Vallance and Iverson 2015] Other
indicators of heat in BAF deposits often include weakly
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oxidised upper portions of deposits: showing reddish
or pinkish hues associated with haematite formation
[Cronin et al. 2013]. Bedding within BAF deposits
and related debris flows is also often similar, with
the preservation of weak horizontal fabric in both
types, clast trains, and coarse-clast rich unit tops
[Schwarzkopf et al. 2005; Cronin et al. 2013]. Debris
flow deposits, formed by remobilisation of BAF de-
posits in fans of self-similar materials, frequently have
characteristics indistinguishable from their source
units, even though they were redeposited farther from
their original emplacement point during and after
cooling [Brown and Andrews 2015].

Distinguishing eruptive and secondary mass flow de-
posits within volcanic sequences is vital for under-
standing volcanic history and reconstructing eruption
scenarios for emergency managers. In particular it
is important to reassemble the history and duration
of dome effusion episodes and distinguish the active
phase of an eruptive episode from post-event processes.
At Mt. Taranaki in New Zealand, the past 1000 years
of activity (the Maero Eruptive Period) present as a se-
quence of volcanic deposits forming a major fan on the
northwest flanks of the volcano. The fan contains a
variety of deposit textures and sedimentary features,
but generally similar dense lava clasts are the dominant
lithology. Deposits are interpreted as resulting mainly
from hot lava dome collapses [Platz et al. 2012]. How-
ever, without a complete understanding of the temper-
ature at which these deposits were emplaced, it is im-
possible to determine whether all deposition units were
formed from hot dome collapses, whether any are post-
eruption reworked units, and to interpret aspects im-
portant for hazard managers, such as the duration of
dome-forming episodes and the numbers of collapses
during each episode. The accessibility of the full Maero
Formation sequence at many locations on the western
flanks of the volcano allows for thorough analysis of the
emplacement temperatures of deposits from this erup-
tive period. Insights gained from volcanic sequences
at Taranaki can be readily applied to other stratovol-
canoes known to undergo similar periods of ongoing
dome growth and collapse (e.g. Merapi, Indonesia; Col-
ima, Mexico).

There are few methods available to assess the em-
placement temperature of PDCs. Direct measurements
are possible in rare cases within PDC deposits shortly
after emplacement [e.g. Cole et al. 2002]. For fully-
cooled older deposits, analysis of reflectance of thin
sections made from charcoal can provide emplacement
temperature estimates [Scott and Glasspool 2005]. Re-
flectance, however, is a function of both temperature
and duration of heating, and thus cannot provide a
maximum emplacement temperature estimate unless
the heating duration of the deposit is known [Scott
and Glasspool 2005]. Alternatively, hydrogen/carbon
(H/C) ratios in charcoal found in PDC deposits can
be correlated to duration and temperature of heating
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to estimate emplacement temperatures [Sawada et al.
2000]. At lower temperatures of emplacement, vegeta-
tion dieback may also be used as a proxy for tempera-
ture [Efford et al. 2014].

Paleomagnetic emplacement temperature methods
can be used on any magnetic-mineral bearing deposit
with sufficient clast or matrix material and can be used
to distinguish PDCs from reworked and lahar deposits
[Paterson et al. 2010; Uehara et al. 2015]. This method
may provide accurate estimates of emplacement tem-
perature up to the Curie temperature of the constituent
ferrimagnetic minerals (usually ~500-600 °C), but not
beyond. Results may also vary within a deposit; e.g.
clasts taken from the top or bottom of the deposit may
have different thermal profiles than those from the cen-
ter due to stratigraphic variation of titanomagnetite
within PDC deposits [Bowles et al. 2018].

2 GEOLOGIC BACKGROUND

Mt. Taranaki is a 2518 m-high stratovolcano located
on the west of the North Island of New Zealand (Fig-
ure 2). It is the youngest and only active volcano of a
lineament and has erupted since approximately 170 ka
[Neall et al. 1986]. Above 1400 m elevation, the up-
per cone was constructed over the past ~14 ky [Neall
et al. 1986; Turner et al. 2011]. Over the past 30 ky,
volcanism has alternated between effusive and explo-
sive activity on a ~30-50 yr time scale, with the largest
sub-Plinian to Plinian events every ~330 years [Turner
et al. 2011; Damaschke et al. 2017].

Taranaki volcanism over the past 1000 years has been
characterised by repeated mass flows related to the
growth and collapse of summit lava domes [Platz 2007;
Platz et al. 2012; Lerner et al. 2019]. This millen-
nial sequence is defined as the Maero Eruptive Period
(MEP) and includes 11 distinct eruptive episodes, each
containing one or more eruptive events. These events
comprise a mix of eruptive styles, including those in-
terpreted to be simple dome collapses (e.g. Puniho,
Pyramid), rapid, repeated dome collapse (e.g. Waiwer-
anui/ Turehu, Tahurangi), directed blasts (e.g. Newall),
and large column-generating eruptions (e.g. Burrell, Te
Popo) [Platz 2007; Lerner et al. in review]. As well as
the fan of these deposits on the northwestern flanks of
the volcano, associated ash fall and surge deposits oc-
cur to the east [Platz 2007; Torres-Orozco et al. 2018]
(Figure 2). There were also two column-generating sub-
Plinian eruptions during this time, leading to more ex-
tensive PDC and fall deposits on the eastern flanks
[Platz 2007; Torres-Orozco et al. 2017]. Taranaki’s most
recent eruption took place between 1780 and 1800 AD,
when the partial collapse of the present summit dome
generated a series of small, short-runout BAFs that de-
posited into northwestern river catchments [Platz et al.
2012; Lerner et al. 2019].

The sequence of Maero Formation deposits on the
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Figure 2: Map showing distribution of the Maero Formation—differentiated into the BAF and surge/fall
deposits—in the region surrounding Mt. Taranaki. Location of type section and supplemental sampling sites
are also noted. Inset shows location of Taranaki on the North Island of New Zealand.

volcano’s northwestern flanks have been mapped as
BAF units and debris flow deposits [Neall 1979; Platz
2007; Lerner et al. 2019]. Several deposits contain char-
coal, used for radiocarbon dating [Neall 1979; Platz
2007], but much of it is not sufficiently coherent to thin-
section. Throughout the deposit between ~2 and up to
15 km from source, deposits contain large clasts suit-
able for paleomagnetic sampling, particularly in me-
dial reaches from 4-8 km.

3 PALEOMAGNETIC ESTIMATION OF EMPLACE-
MENT TEMPERATURE

The coherence of paleomagnetic remanence directions
between clasts in a deposit has been established as an
effective technique for distinguishing volcanic deposits
emplaced at temperatures over ~500 °C from those laid
down at ambient temperature (or otherwise re-worked
by slope processes) [Hoblitt and Kellogg 1979; Uehara
et al. 2015]. Further, palaeomagnetic measurements
can also be used to more precisely determine the em-
placement temperature (T,) of a pyroclastic deposit em-
placed between ambient temperature and the Curie
temperature (T,) of its constituent ferrimagnetic min-
erals (usually between 500-600°C) [Kent et al. 1981;
Paterson et al. 2010].

Progressive thermal demagnetization separates the
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components of remanent magnetization carried in dif-
ferent intervals of the (un)blocking temperature spec-
trum of a sample. As a result, when thermally demag-
netised, clasts taken from volcanic deposits will reveal
one or more components of remanent magnetization
acquired from the ambient magnetic field during cool-
ing. The directions of these components from a clast are
compared with those of the other clasts from the same
site using a statistical randomness test [Watson 1956],
with three scenarios possible depending on the condi-
tions of emplacement:

1. Deposit emplaced above the Curie temperature: all
clasts have cooled from above Curie temperature
after emplacement, resulting in all clasts carrying
a thermoremanent magnetization (TRM) through-
out the whole blocking temperature spectrum that
is aligned with the field at the time of cooling.

. Deposit emplaced at ambient temperature: all
clasts have cooled from above Curie temperature
previously in a different location (or during trans-
port). The physical randomisation of clasts asso-
ciated with transport and emplacement results in
a randomisation of the paleomagnetic directions,
resulting in no inter-clast alignment of TRM.

. Deposit emplaced at an intermediate temperature,
T,, below T: clasts cool to T, before emplacement,
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resulting in a high blocking temperature compo-
nent of TRM which is randomised along with the
physical randomisation of the clasts during trans-
port. After deposition, all clasts cool together in
the same field, resulting in a low blocking temper-
ature component of TRM aligned with the ambi-
ent field. In this instance, a more precise emplace-
ment temperature can be determined by ascertain-
ing the temperature which separates the random
high blocking temperature component from the
coherent low blocking temperature component.

Analysis of clasts in a volcanic deposit will result in a
range of emplacement temperature estimates for differ-
ent clasts. The lowest temperature of sampled clasts is
generally considered the best estimate of the deposit’s
overall temperature at the time of emplacement [Bar-
dot and McClelland 2000; Paterson et al. 2010].

This method has been frequently applied to volcanic
deposits from single eruptive events or periods [e.g.
Paterson et al. 2010; Uehara et al. 2015; Turner et al.
2018] in situations in which the age relationships of
the deposits were not significant to the study. Here,
these paleomagnetic methods were applied to multiple
flow units of the Maero Formation representing sev-
eral eruptive episodes over ~1000 years in order to
better understand the types of volcanic hazards pre-
sented during Mt. Taranaki’s most recent volcanic pe-
riod. We attempted to differentiate high-temperature
BAF units from other mass-flow deposits and water-
borne lahar/debris flow deposits. Comparison of field
data with paleomagnetic results revealed the type of
mass flows most commonly seen at Taranaki over the
past 1000 years and provides an understanding of the
reliability of sedimentological analysis of outcrops for
inferring emplacement temperatures.

4 SAMPLING SCHEME AND METHODS

Outcrops of the Maero Formation were described and
photographed, concentrating on grainsize, texture, and
lithology. Deposition units representing distinct strati-
graphic events were analysed individually, with unit
boundaries identified by the presence of paleosols,
weathering horizons or widespread erosional contacts.
In this study, deposits from seven episodes of the MEP
were analysed: Te Popo (P1), Newall (M8), Waiweranui
(M1, M2), Turehu (M2), Puniho (M3), Tahurangi (M5,
M6), and Pyramid [Lerner et al. 2019] (Table 1).

Units were sampled along the Maero stream, where
the current type section of the Maero Formation is lo-
cated, near to past type sections damaged by erosion
[Neall 1979; Platz 2007; Lerner et al. 2019] (Figure 3).
This location covers as much of the Maero Formation as
possible and stratigraphic relationships are clear. Ad-
ditional outcrops were sampled elsewhere along the
banks of the Maero stream and the nearby Stony River
to complete the sequence. For each of the seven sites we
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sampled, marked, and oriented 8-12 clasts. The pres-
ence of charcoal was noted, and it was sampled for ra-
diocarbon dating in companion studies.

One paleomagnetic specimen was drilled from each
oriented clast and subjected to progressive thermal
demagnetization in the Geomagnetism Laboratory at
the Victoria University of Wellington using a Magnetic
Measurements Ltd thermal demagnetiser. Paleomag-
netic measurements were taken after each demagneti-
zation step with an Agico JR-6A spinner magnetome-
ter. Principal component analysis and statistical cal-
culations of paleomagnetic data were carried out using
Remasoft software [Chadima and Hrouda 2006], while
outlier discordancy analysis and randomness testing
were carried out using PmagTool [Mark W. Hounslow,
CEMP, Lancaster, UK]. Low field magnetic susceptibil-
ity was measured after each demagnetization step us-
ing a Bartington MS2 susceptibility meter to monitor
for thermally induced alteration to the magnetic min-
eralogy. Temperature dependence of magnetic suscep-
tibility curves were measured on crushed 3-5 g samples
with a Bartington MS2 magnetic susceptibility system
and furnace.

5 REesuLTs

Charcoal was found in the field at sites M8, M1, and
M3. Previous studies of the Maero Formation have
recorded the presence of charcoal in at least some expo-
sures within most recognised events during the Maero
Eruptive Period [Platz 2007; Turner et al. 2008; Dam-
aschke et al. 2017]. Charcoal is most prominent in the
Waiweranui unit and includes large charcoalised logs.
Gas elutriation pipes were found in a few locations, pri-
marily located directly above charcoalised logs in the
Waiweranui unit.

Deposits in the sequence mostly showed similar char-
acteristics in outcrop (massive/unbedded or with a
weak horizontal fabric, poorly sorted, matrix supported
with sub-angular clasts typically of grey andesite set
in an ash grade matrix) with some variation that al-
lowed distinction between units. The oldest unit, the
Te Popo (P1), is approximately 1.7 m thick and shows
dominantly grey angular blocks concentrated in the up-
per part of the unit, grading downwards into a matrix-
supported middle section containing some lapilli to
block-size clasts, which overlies a clast-supported base
with lapilli to block-size clasts. The Newall (M8), shows
mainly matrix-supported deposits of thicknesses up to
~5 m, but is distinguished by its large component of or-
ange/reddish hydrothermally altered clasts, which are
rare in other Maero Formation deposits. The Waiwer-
anui and Turehu units (M2, M3) overly the Newall, con-
sist of at least 3 separate flow units up to 9 m in total
thickness. The thickest, basal unit is matrix-supported
with lapilli to block clasts and topped by a lapilli-
bearing fine lapilli tuff. The top unit, separated from
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Table 1 - Site locations and Unit Dates of Emplacement.

Site Episode Lat Long Date of Emplacement (AD)*
P1 Te Popo -39°16°06.9” 174°00°37.4” 1131 £ 51
MS8 Newall -39°16°49.1”  174°00°40.5” 1363 + 34
M1 Waiweranui -39°16°43.8” 174°00°37.0” 1461 + 8
M2 Waiweranui/Turehu -39°16’43.8” 174°00°37.0” 1472 +13
M3 Puniho -39°16’43.8” 174°00°37.0” 1550 + 38
M5 Tahurangi -39°16°43.8” 174°00°37.0” 1755+ 16
M6 Tahurangi -39°16°43.8” 174°00°37.0” 1755+ 16
Pyramid’ -39°17°36.6”  174°02°05.3” 1790 + 6

*Date of emplacement of units from statistical modelling of Lerner et al. [in review]

tPyramid samples from Lerner et al. [2019]

]

M6: Tahurangi (U)

M5: Tahurangi/(L

¢ M Burrell N

M3: Puniho

M2: Waiweranui (U)/Turehu

Figure 3: Annotated photograph of the type section of the Maero Formation in the Maero stream, showing units
sampled in this study. Site M8 (Newall unit) was sampled 20 m upstream on the same river bank as this photo.
P1 (Te Popo) is not pictured; it was sampled at a separate location in the Pyramid stream.

those below by a weak soil, is a <40 cm weakly strati-
fied deposit. These units consist almost exclusively of
grey to black andesite. Above the Turehu, the Puniho
unit (M3) is an up to 1 m-thick, matrix supported de-
posit containing primarily lapilli-sized clasts. The Bur-
rell unit (M4, present in the type section but not sam-
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pled for this study), was emplaced during a phase of an
eruption that eventually produced a sub-Plinian erup-
tion column and is represented in the type section as a
<70 cm-thick coarse brown fine-lapilli tuff that did not
contain enough large clasts for paleomagnetic study.
The Tahurangi (M5, M6) contains at least two subunits:
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Figure 4: Temperature dependence of magnetic suscep-
tibility of Maero block-and-ash flow deposit clast sam-
ples. Curves from [A] to [G] represent units of decreas-
ing age within the sequence. Red line represents heat-
ing, blue line represents cooling. Curie temperature of
magnetic minerals are shown by the red arrows.

the lower is an up to 3 m-thick, coarse, matrix-poor
breccia containing primarily block-sized clasts; while
the upper part is a 50 cm-thick red to brown ash-
rich deposit containing primarily lapilli-sized clasts.
The Tahurangi unit contains an unusually high propor-
tion of reddish-oxidised lava blocks and lapilli, only
seen rarely in other Maero Formation deposits. The
youngest Maero episode, represented by the Pyramid
unit [Lerner et al. 2019], is found only in areas closer
to the volcano (~2-5 km) as an up to 6 m-thick clast-
supported to matrix supported, breccia deposit show-
ing weak horizontal fabric and clast trains in places.
Each of the units show matching lithologies for both
their block and lapilli clasts and matrix ash grades,
reflecting the differences between units as described
above.
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The Waiweranui, Turehu, and Puniho units (M1, M2,
and M3) are distinguishable as independent events due
to thin soil horizons occurring between them in sev-
eral (but not all) locations, as well as a set of cross-
bedded ash and lapilli tuff beds (consistent with surge
deposits). The most distinctive units recognised by
lithological properties, are the Newall unit (common
orange, hydrothermally altered clasts); the Burrell unit
(pumice clasts); and the Tahurangi unit (dark-red oxi-
dised clasts).

The bulk magnetic susceptibility of Maero Forma-
tion clasts varies between 39.7 and 69.3 x 1073 SI (Ta-
ble 2). Results of the temperature-dependence of sus-
ceptibility experiments are shown in Figure 4. All plots
are essentially reversible, showing a single sharp drop
corresponding to Curie temperatures in the range of
470-520°C. This is consistent with a titanomagnetite
Fe;_,Ti,O4 with x = 0.20-0.15, compatible with com-
positions previously found in lavas at Mt. Taranaki
[Damaschke et al. 2017], but slightly higher in titanium
concentration than titanomagnetites found in ca. 3000
year-old pyroclastic density current deposits on the NE
flanks by Turner et al. [2018]. The susceptibilities and
Curie temperatures found in this study also correspond
well with those found in material from the most re-
cent episode of the Maero Eruptive Period (the Pyramid
episode) [Lerner et al. 2019].

The intensity of the natural remanent magnetiza-
tion (NRM) of Maero sites ranges between 2.3 and 11.4
A/m (Table 2). In most samples the main phase of the
demagnetization starts around 300-450°C with only
a small gradual decrease in intensity taking place at
lower temperatures in some samples (Figure 5). This
is consistent with demagnetization behaviour found
in material from Taranaki’s most recent block-and-ash
flow deposit [Lerner et al. 2019]. Vector component di-
agrams (Figure 5) show that the characteristic compo-
nent of TRM (ChRM) is well defined up to the Curie
temperature. Progressive thermal demagnetization, af-
ter cleaning a low temperature viscous remanent mag-
netization (VRM), showed a single component of re-
manence in all Maero Formation samples. This char-
acteristic component of remanence (ChRM) from each
sample was used to determine a site mean paleomag-
netic direction and a lower temperature limit of em-
placement is obtained from the maximum unblocking
temperature (Table 2, Figure 6).

Measured clasts at six of the seven sites show consis-
tent ChRM directions up to the maximum laboratory-
observed unblocking temperatures (Figure 6A-D, F-
G). This indicates minimum emplacement tempera-
tures between 480 and 520 °C for material from those
sites (Figure 5A-D, F-G). ChRM of specimens at site
M3 were randomly aligned (Figure 6E) indicating
emplacement below the lowest observed unblocking
temperature—about 300°C. Samples with outlying
ChRM directions were classified and omitted from
sample mean variation according to Fisher statistics us-
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Table 2 — Paleomagnetic results.

Site Episode Bulk Susc NRM n/N  Dec(°) Inc(°) R k a95 (°) T, (°C)
(x 1073 SI)  Intensity
(A/m)

P1 Te Popo 43 +10 24+1.2 8/8 7.2 -69.7 7.89 66.31 6.9 >500
M8 Newall 69 + 30 3.0+2.2 5/7 0.6 -62.6 496 90.68 8.1 >500
M1 Waiweranui 53+ 10 4.0+ 3.6 7/8 350.7 -67.2 6.76 24.77 12.4 >480
M2 Waiweranui/ 61 + 20 11.4+44 9/9 347.2 -58.2 8.19 9.87 17.2 >480

Turehu
M3  Puniho 55+5 9.8+4.3 10/10 n/a n/a 2.63 1.22 n/a Cold
M5 Tahurangi 40+ 10 6.0+4.5 8/8 6.8 -67.6 7.73  25.89 11.1 >490
M6 Tahurangi 44+ 8 3.5+35 8/9 347.7 -62.1 7.94 118.28 5.1 >520
Pyramid* 57 +3 6.0+ 6.0 13/16 16.8 -38.2 11.85 72.21 5.1 >200

Site = Independent grouping of clasts from a single flow unit for the calculation of a mean;
Bulk Susc = mean bulk magnetic susceptibility of specimens from a site with 10;
NRM intensity = mean natural remanent magnetization of specimens at a site prior to demagnetization with 1o;

n/N = specimens included in mean calculation/specimens measured;
Dec = declination;

Inc = inclination;

R = length of sum of unit vectors;

k = estimate of the precision parameter;

a95 = semi-angle cone of 95 % confidence in mean direction;

T, = emplacement temperature estimate.

*from Lerner et al. [2019]

ing the PmagTool software [Mark W. Hounslow, CEMP,
Lancaster, UK].

6 DiscussioN

The overall directions from the Maero Formation de-
posits are consistent with directions seen in the geo-
magnetic field between 1000 BP and the present day.
When compared with the paleosecular variation curve
for New Zealand over the past 1000 years [NZPSV1k:
Turner et al. 2015], the paleodirections found at most
sites in this study fit within the range of expected decli-
nation and inclination values, with the exception of the
shallower Pyramid (D: 16.8°, I: —38.2°). The Maero pa-
leodirections range from a declination of 347.2° to 7.2°
and Inclination —58.7° to —67.6°. In the last 1000 years,
declination has swung from ~350° to 20° and inclina-
tion from ~—55° to —65° [Turner et al. 2015].

The paleomagnetic emplacement temperature esti-
mates in this study largely agree with the sedimen-
tary indicators of hot-emplacement (e.g. charcoal, oxi-
dised deposit top, associated pyroclastic surge deposits)
and features associated with BAFs (near-homogenous
lithology, similar lithology of clasts and matrix, fine-
ash units below or above) confirming that the 1000
year record of the Maero Formation is primarily com-
posed of deposits of hot (>500 °C) block-and-ash flow
deposits. The one exception is the Puniho unit (M3)
site sampled here, with paleomagnetic evidence for a
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cold emplacement. The Puniho deposit contains char-
coal, and was almost identical in appearance to the
Waiweranui units (M1 and M2) (Figure 7). This shows
how field characteristics are not always reliable for
interpretation. The result could be due to (1) a lo-
calised site-specific redistribution or disturbance of a
primary deposit (e.g., by localised slope collapse); (2)
that the Puniho PDCs had a shorter runout than the
others, before being reworked and redeposited by la-
hars; or (3) that the Puniho deposits were emplaced
by rock falls and granular flows produced by collapses
of an already cooled lava dome. This third option
best explains the combination of sedimentary features
and the paleomagnetic results. Different temperatures
of dome-collapse BAFs were also noticed in the latest
Mt. Taranaki eruption, depending on whether mate-
rials collapsed from the carapace or inner parts of the
dome [Lerner et al. 2019], but cold-dome collapses have
also been postulated before during the Maero eruptive
period [Neall 1979; Platz et al. 2012].

Debris flow or colluvial deposits reworked directly
from BAF deposits and rockfall deposits from cold
domes may show similar characteristics to the hot-
emplaced ones in outcrop. In this case, techniques such
as charcoal reflectance would be misleading, because it
is inherited from a preceding deposition event. By con-
trast, the paleomagnetic alignment of clasts in a high
temperature deposit is disrupted by any remobiliza-
tion, making it useful for determining hot vs. cold em-
placement. However, the method cannot distinguish
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between a deposit that originated at ambient temper-
ature and one reworked from a high-temperature par-
ent. For example, in this study case, it is impossible
to tell with absolute certainty whether the Puniho unit
(M3) was a locally reworked BAF unit, or whether it
formed by collapse of a cold lava dome.

The high-temperature results for most of the units
in this study indicate that at medial distances (5-10
km from the source), BAFs were produced during sev-
eral eruption episodes of the Maero Eruptive Period,
by collapse of very hot lava domes. This indicates
that dome effusion rates must have been high and
that many successive domes were formed over peri-
ods where thin soils indicate only short breaks between
episodes. There is a lack of debris flow deposits at this
range from the volcano (yet many downstream), show-
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ing that up to ~10 km is the main deceleration zone for
BAFs from conditions near the present configuration of
Mt. Taranaki. Further BAFs may have been emplaced
in winter onto snow and ice, which could have meant
that deposition bypassed the 5-10 km range, but debris
flows are emplaced farther from source [c.f. Nevado del
Ruiz: Pierson et al. 1990].

The exceptionally high rainfall inside Egmont Na-
tional Park (>7000 mm/year) causes deep erosion and
common flood/landslide and sediment re-distribution
events. This has formed mainly immature, deep, box-
cut gullies through the BAF deposit fans over the last
200 years. Rapid downcutting occurs in this area dur-
ing decadal very large rainstorms or cyclones. Preser-
vation of some primary BAF deposits is probably due
to their high internal porosity and permeability under
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most rainfall events [Lavigne et al. 2000].

The high (>500 °C) emplacement temperature of the
majority of deposits of the Maero Formation indicates
repeated growth and collapse of fresh hot lava domes.
Based on the cooling rates calculated by Lerner et al.
[2019], the center of a Taranaki summit dome should
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take 30-50 years to cool below 500 °C (with the outer
carapace taking <10 years). This shows that most of
Taranaki’s largest dome collapses must have occurred
soon after dome emplacement or during it. Collapses
probably also involved large proportions of the dome,
with deep-seated collapse. Intervals of rapid and re-
peated dome emplacement and collapse, coupled with
multiple high temperature BAFs appears to have typi-
fied a long stretch of activity within the Maero Eruptive
period, a ~110 yr-long period between the Newall and
the Turehu.

7 CONCLUSIONS

Paleomagnetic results and field studies show that the
majority of the pyroclastic deposits of the past 1000
years at Mt. Taranaki were emplaced from high tem-
perature (>500 °C) block-and-ash flows caused by deep-
seated collapses of still-hot lava domes. These collapses
typically occurred during or shortly after dome em-
placement (within about 30 years), sometimes in rapid
succession. This activity type is thus highly likely in
any future scenario for Mt. Taranaki eruptions.

The similarity of sedimentary and lithology features
between a cold-emplaced rock avalanche, debris flow,
or colluvial unit to the hot BAF deposits in this study
shows that laboratory paleomagnetic testing is neces-
sary to be absolutely sure of the emplacement condi-
tions. Field granulometric and sedimentological evi-
dence or even the presence of charcoal, may lead to mis-
interpretations, especially at greater distances from the
volcano.
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