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Abstract. Accurate volcanic hazard assessments rely on a detailed understanding of the timing of past eruptions. While radio-
metric methods like *°Ar/* Ar or K/Ar are by far the most conventional lava flow dating tools, their low resolution for young
(<20 ka) deposits interferes with the development of precise chronologies of recent effusive activity on most volcanoes. Mt.
Ruapehu (Aotearoa New Zealand) has produced many lava flows throughout its history, but the precise timing of many recent
eruptions remains largely unknown. In this study, we use cosmogenic *He exposure dating to provide 23 eruption ages of young
lava flows at Ruapehu. We then compare our results with existing “’Ar/*® Ar and paleomagnetic constraints, highlighting the
value of cosmogenic nuclides exposure dating in refining recent eruptive chronologies. Of the 23 sampled flows, 16 provided
robust eruption ages (5—20% internal 20; n>3) between ca 20 and 8 ka, except for one lava erupted at around 43 ka, and their
age distribution indicates that, during the last 20 kyr, effusive activity at Ruapehu peaked at 17-12 ka and at 9-7.5 ka. Nearly
identical eruption ages of lavas located in different flanks of the volcanic edifice suggest concurrent activity from multiple vents
during relatively short time intervals (0-2 kyr) at around 13, 10 and 8 ka. We analysed four individual lava flows previously
dated by *°Ar/*°Ar, two of which yield eruption ages older than the older limit of the 20 interval of the radiometric dates,
but the good clustering of individual samples from our sites suggests that our results better represent the real eruption age of
these flows. Our *He-based chronology show excellent agreement with paleomagnetic constraints, suggesting that production
rate uncertainties are unlikely to impact the accuracy of our eruption ages. This study demonstrates how cosmogenic nuclides
dating can provide greater detail on the recent effusive chronology of statovolcanoes, helping to resolve the low resolution and

difficulty in applying radiometric dating methods to young lava flows.
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1 Introduction

Effusive volcanism is the main mechanism driving edifice growth on stratovolcanoes and poses a great hazard to infrastructure,
the natural environment, and social fabric and livelihoods of local communities (Trusdell, 1995; Wilson et al., 2014; Harris,
2015; Jenkins et al., 2017; Tsang and Lindsay, 2020). Accurate hazard assessments rely on precise knowledge of recent eruption
footprints, magnitudes and frequencies (Connor et al., 2015), and hence accurate dating of eruptive events.

Most chronological studies of lava flows on stratovolcanoes are based on radiometric methods, such as 40Ar/*Ar and K/Ar.
Recent advances in these methods (Coble et al., 2011; Fleck et al., 2014; Clay et al., 2015) have improved the precision of
age determinations for Pleistocene lavas. However, errors on ages of young (<20 ka) products are still too large to precisely
resolve recent eruptive chronologies (e.g., Wijbrans et al., 2011; Conway et al., 2016; Ramos et al., 2016; Calvert et al.,
2018; Preece et al., 2018; Pure et al., 2020), hindering our ability to discriminate distinct eruptive episodes or to determine
temporal relationships between effusive eruptions and other volcanic processes. If available, radiocarbon dating of burned coal
beneath lava flows can provide accurate eruption ages, and has been used widely in Hawai’i (e.g., Buchanan-Banks et al.,
1989; Trusdell, 1995, see also Lockwood and Lipman, 1980), as well as in various volcanic regions (e.g., Moore and Rubin,
1991; Mishra et al., 2019; Sherrod et al., 2006). However, the use of radiocarbon is limited to areas with sufficient vegetation
at the time of lava flow emplacement, so it is not applicable at high elevations or in periglacial environments. Alternative
methods such as paleomagnetism or cosmogenic nuclides exposure dating can support radiometric studies in non-vegetated
areas and considerably reduce *’Ar/*° Ar and K/Ar uncertainties for late Pleistocene and Holocene products (Sherrod et al.,
2006; Parmelee et al., 2015; Wright et al., 2015; Greve et al., 2016), and are therefore important to generating more accurate
eruptive histories in a wider spectrum of volcanic environments.

Cosmogenic nuclides are isotopes that originate when primary and secondary cosmic rays interact with atomic nuclei (Leya
et al., 2000; Dunai, 2010). Some of them (terrestrial in-situ cosmogenic nuclides, or TCNs) are formed in the upper few metres
of the Earth’s surface and can be used to calculate exposure ages of geological deposits provided they are: rare in geological
materials; produced and retained in common minerals; able to be analysed with reasonable confidence; stable or have a half-
life comparable to the timescales of the studied process; and have a well-understood origin and the relative contributions
of its production mechanisms are known (Dunai, 2010). The number of TCNs that fulfil these requirements and have well-
established methodologies developed for Earth science applications is relatively small (see Dunai, 2010), and the production
rates and retention efficiency of TCNs vary across different minerals. >He is a stable isotope with the highest production rate
of all TCNs and a low detection limit in several geological settings (Blard, 2021), which makes it the ideal nuclide for dating
young lava flows (Gosse and Phillips, 2001). This gas suffers diffusion loss in felsic minerals (e.g. quartz and feldspars, and
in volcanic groundmass containing them, Lippolt and Weigel, 1988; Tremblay et al., 2014) at Earth’s surface temperatures,
and is therefore not normally used for silicic lithologies which are better studied using '°Be or 2°Al (e.g., Klein et al., 1986;
Nishiizumi et al., 1991; Smith et al., 2005). *He is more efficiently retained in olivines and pyroxenes (Kurz, 1986a; Gosse and
Phillips, 2001; Shuster et al., 2004; Blard, 2021), so it is suitable for dating volcanic eruptions (e.g., Kurz et al., 1990; Foeken
et al., 2009; Parmelee et al., 2015), reconstruct glacial histories (e.g., Cerling and Craig, 1994; Blard et al., 2007) and fault
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kinematics (e.g., Fenton et al., 2001) or estimate erosion rates (e.g., Ferrier et al., 2013; Puchol et al., 2017), considering that
the studied rocks contain these minerals.

Surface exposure dating using TCNs is applicable to geological deposits that have been brought to the surface and remained
exposed to the cosmic ray flux ever since, provided there is no significant erosion or shielding (glacial, snow, debris, soil,
tephra, or vegetation cover) which could have affected their cosmogenic nuclide inventory. In temperate climates, suitable sites
will lie at elevations between the vegetation limit and where cryogenic processes begin to dominate. In dynamic environments
such as stratovolcanoes, original surfaces are more likely to be preserved on younger lava flows, which have had a relatively
limited time exposed to erosive and/or depositional processes. In addition, flow interiors with crystalline groundmass necessary
for “°Ar/*° Ar or K/Ar dating are less likely to be exposed in young lava flows for the same reason. For young lava flows,
cosmogenic *He (*He,,) has the potential to resolve events down to 100 years under the most favourable conditions (low
magmatic He and eruption ages <10 ka; Niedermann, 2002) and commonly yields ages with uncertainties of 15-20% (2o
including production rate errors), significantly more precise than traditional radiometric techniques for lavas <20 ka (e.g.,
Wijbrans et al., 2011; Calvert et al., 2018; Pure et al., 2020). Thus, 3He,.s can be used to complement chronological studies
by providing greater detail on recent construction histories of volcanic edifices (e.g., Kurz et al., 1990; Foeken et al., 2009;
Espanon et al., 2014; Parmelee et al., 2015). However, most of this research is focused on basaltic lava flows in extensional
environments (e.g., Kurz et al., 1990; Licciardi et al., 2007; Foeken et al., 2009; Espanon et al., 2014; Marchetti et al., 2014;
Medynski et al., 2015), and the application of 3He.os on stratovolcanoes (e.g., Parmelee et al., 2015) is still limited. *A’a
lavas (commonly found in andesitic stratovolcanoes) have normally prominent tumuli standing out from the landscape, which
are less likely to accumulate large amounts of snow or tephra compared to flatter primary morphologies (e.g. ropy pahoehoe
surfaces targeted in basic lavas, Kurz et al., 1990; Espanon et al., 2014; Marchetti et al., 2014; Parmelee et al., 2015), making
them ideal targets for surface exposure dating (see Licciardi et al., 2007).

In this paper, we use surface exposure dating with terrestrial in-situ >He.,s in pyroxenes and olivines to provide 23 eruption
ages of mainly postglacial (<20 ka) lava flows at Mt. Ruapehu, a large (summit 2797 m asl) andesitic stratovolcano located in
the centre of Te Ika-a-Maui (North Island of Aotearoa New Zealand). We then compare our results with previous “°Ar/* Ar
and paleomagnetically-refined ages, as well as with eruption age assumptions based on geochemical fingerprinting, and test
the applicability of *He..s as a lava flow dating tool for stratovolcanoes, showcasing the method’s capacity to provide high

resolution ages for young lava flows and to identify distinct eruptive episodes in short time intervals.
2 Geological background

2.1 Study area

Ruapehu is a cultural and spiritually significant Maunga (Maori word for mountain) for local Iwi (Maori tribes) Ngati Rangi,
Ngati Tawharetoa and Uenuku (see Gabrielsen et al., 2018). This volcano is the southernmost continental expression of the
Taupd Volcanic Zone (TVZ, Figure 1), related to the Hikurangi Trench, the southern end of the Tonga-Kermadec arc subduc-
tion system (Cole and Lewis, 1981). The TVZ can be divided into three segments: the northern, central and southern TVZ
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Figure 1. Location map of study area. a) Te Ika-a-Maui (North Island of Aotearoa New Zealand) with its main active volcanic areas detailed.
(AVF) monogenetic Auckland Volcanic Field; (Wh) Whakaari-White Island; (Mo) Motuhara; (Pu) Putauaki; (TVZ) Taupd Volcanic Zone;
(Tg) Tongariro; (Ru) Ruapehu; (Tk) Taranaki. b) Detail of the "Central Plateau", at the southern end of the TVZ. (Tp) Taupd; (WB) Waimarino
Basalt; Pihanga (Pa); (Tg) Tongariro; (TM) Te Maari; (Nga) Ngauruhoe; (RC) Red Crater; (Hh) Hauhungutahi; (OB) Ohakune Formation
basalt. ¢) Study area, with Ruapehu’s postglacial and late synglacial lava units mapped after Townsend et al. (2017) and sampled sites in
this study. Maximum glacial extent during the LGM (last glacial maximum, ~20—15 ka) after Barrell (2011) outlined with black dashed line.
(NV) Northern vent; (SV) Southern Vent. Abbreviations next to sampled sites refer to lava flow names, full list in Table Al. d) Photo of

Ruapehu taken from the south, with Mangaehuehu Glacier directly beneath Ruapehu’s summit (viewpoint’s location is shown in (c¢) with the
white arrow labelled (d)).
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(Figure 1la), distinguished by composition and eruptive styles. The northern TVZ has several andesitic stratovolcanoes, in-
cluding Whakaari-White Island and Motuhara off the northeastern coast of Te Ika-a-Maui North Island. The central TVZ is
one of the most productive silicic volcanic systems in the world, with at least 34 caldera-forming events in the last 1.6 Ma,
including Taupd and Okataina (Houghton et al., 1995; Wilson et al., 2009). The southern zone is dominated by the andesitic
stratovolcanoes Tongariro and Ruapehu, with subordinate basalts (e.g. Ohakune Formation basalt).

Ruapehu is the largest and one of the most active stratovolcanoes in mainland Aotearoa New Zealand (Leonard et al.,
2021). The current edifice is mostly formed by pyroxene-bearing basaltic andesite, andesite, and dacite lavas, which erupted
throughout four main constructive periods, and are encompassed in distinct units; Te Herenga (200-150 ka), Waihianoa (150—
80 ka), Mangawhero (5015 ka) and Whakapapa (15-2 ka) formations (Hackett, 1985; Townsend et al., 2017). Contemporary
to lava flow emplacement, Ruapehu generated many explosive eruptions (Topping and Kohn, 1973; Donoghue et al., 1995;
Pardo et al., 2012a), including several plinian events (Pardo, 2012) preserved as tephra sequences on the eastern volcanic ring
plain, although the timing of these eruptions is not well constrained. In this study, we focus on the Whakapapa Formation and
the youngest member of the Mangawhero Formation (Figure 1; Table 1), providing greater detail on the recent effusive activity
of Ruapehu.

Eruption ages of Ruapehu’s lava flows were first determined using K/Ar (Stipp, 1968; Tanaka et al., 1997) and later im-
proved with “°Ar/** Ar by Gamble et al. (2003) and Conway et al. (2016). Combining these *°Ar/*° Ar ages with an extensive
geochemical survey, Conway et al. (2016) divided lavas from the Mangawhero and Whakapapa formations into distinctive
packages, later formalized as members by Townsend et al. (2017, Table 1). However, many lava flows are only assumed to
have been erupted in specific time periods due to their geochemical similarity and/or geographical proximity to flows with
geochronological constraints.

Throughout its history, Ruapehu has periodically been covered by glaciers controlling lava flow emplacement (Conway
et al., 2015). The edifice displays characteristic erosional and depositional glacial landforms extending from current glaciers
down to ~1200 m asl (Mc Arthur and Shepherd, 1990; Eaves et al., 2016a; Townsend et al., 2017) and conspicuous large and
fine-scale features indicative of lava-ice interaction. During heavily glaciated periods, lava emplacement and preservation were
restricted to inter-valley ridges, and cooling against ice generated overthickened lava margins (ice-bounded flows; Conway
et al., 2015) still visible in the landscape. Based on the distribution of these ice-bounded lava flows, Conway et al. (2016)
suggested a peak in glacial expansion between 42 and 31 ka and a reduction in ice thickness between 31 ka and the last stages
of the last glacial maximum (LGM) at 20—15 ka (Barrell et al., 2013), prior to the glacial retreat. Effusive deposits erupted after
the LGM (postglacial lavas of the Whakapapa Formation, Figure 1) were free to flow to the valley floors and finished shaping
the modern landscape observed at Ruapehu. Eaves et al. (2019) provided *He,,, ages for moraine groups on the Mangaehuehu
valley (south Ruapehu) recording pulsatory glacial retreat after the LGM. Based on *He,, exposure ages of boulders, they
proposed moraine construction periods and associated equilibrium line altitudes of 2100 m asl at ~14—11 ka, 2250 m asl at 4.5
ka, and 2300 m asl at 200500 yr ago. Present glaciers on Ruapehu (3.0 km? on 2016; Eaves and Brook, 2021) are restricted

to some upper catchment areas over 2250 m asl, the largest of which is located on its summit plateau at >2500 m asl.



Formation Member Eruption ages (+ 20) Methods 3He-based eruption ages, this
study (ka, + 20)
Crater Lake (<5 ka) 2400-2050 BP(, 0.2 + 2.2 ka® Paleomagnetism (refined -
from 4°Ar/3% Ar)
Whakapapa Tawhainui DC: 8200-7900 BP(D, 6.0 & 2.4 ka®); Paleomagnetism (refined DC:7.8 4+ 1.5;BR: 8.1 +2.1;
<15 ka: Iwikau | flows (97 ka) BR: 8800-8500 BP(D from 40 Ar/*° Ar and tephra WG: >7.84+24
stratigraphy)
postglacial) Mangatoetoenui | LC: 0.8 £ 5.6 ka; TSb: 9.2 = 8.0 ka @ 40 A/ Ar LC:11.4 +£2.3; TSa: 9.4 + 1.8;
flows (<17 ka*) TSb: 11.5 4 2.2; TFt: >8.6 + 2.6
Taranaki Falls TFa: 10 800-8900 BP(D, 8.8 +£2.8 Paleomagnetism (refined TFa: 14.6 2.9
flow (11-9 ka*) ka® from “°Ar/3° Ar)
Saddle Cone (10-8 ka*) SC: 9850-8650 BP() Paleomagnetism (refined SC:9.9 £2.0;, WP: >11.2 £22
from tephra stratigraphy)
Pinnacle Ridge (~10 ka*) PR: ~10 ka® Correlation with tephra PR: 20.4 + 4.0
Tureiti (15-9ka) 1254+26;11.9+28ka @ OAr3% Ar -
Rangataua (~15-10 ka*) ~15-10 ka 4> Stratigraphy RTp: 13.6 & 2.6; RTm: 15.8 & 3.0
Paretetaitonga (~15 ka) 14.8 + 3.0 ka® 4OAL/ Ar WT: 133 £2.6
Turoa (17-10 ka*) 151 £24;11.9+22ka @ 4O A1 Ar MN: 8.3 & 1.6; MS: >6.1 + 1.7;
CTa: >13.6 + 2.7 ; CTb: 8.6 &
1.7; TC: 13.4 £ 2.6
Makotuku (24—16 ka) 209+28;17.8+22ka @ 40AL/3 Ar MF: 12.6 £ 3.5; NR: 42.9 + 8.6;
MA: >54.0 £ 18.0
Waitonga (25-21 ka) 23.0 + 1.6?; 23 + 8 ka® 4OAr/ Ar -
Te Piripiri (~21 ka) 21 4+ 6 ka® 40AL/3 Ar -
Mangawhero | g0 o huku (29-15 ka) B+4,22+7ka® WA Ar -
(50-15  ka; Whakapapaiti (~26 ka) 25.7 + 3.8 ka® 4OAAr -
synglacial) Manganuioteao (36-22 ka) 257 +2.6;27.2+48;30.7 £52; 4OAL/ Ar -
309 +22ka®
Mananui (42-38 ka) 40.3 £2.2? 40 A3 Ar -
Te Kohatu (44-36 ka) 47.6 £ 1.4;39.1 £ 1.4;39.2 £2.0; 40 A3 Ar -
426+ 1.8ka®
Mangaturuturu (46-36 ka) | 384 +2.4:41.3+1.8;43.4+24ka YOAL/ Ar -
2)
Mangaehuehu (47—40 ka) 4284+ 1.0;43.1 4+ 1.4,433 + 1.6; YOAL/ Ar GR: >14.2 +£2.7
442 +1.8;454+20ka @
Ngahuinga (48-35 ka) 44.8 + 3.0 ka® YOAL/ Ar -
Waihianoa (166-80 ka) 88.1 £ 6.4;95.9 + 7.0; 120.7 + 4.0; 121.4 4OAL/ Ar -
+2.8;121.7 £4.2;133.6 £ 6.4 @; 119 £
125129 + 15; 130 £ 23; 131 £27; 133 £
115134 4+ 12; 135 £ 14; 138 £ 145 147 +
10; 1474 12; 154 £ 12ka ©
Te Herenga (200-150 ka) 158.8 & 8.2; 169.4 & 7.8; 174.6 & 3.4 186.2 4OAr9 Ar -

+6.8;187.9 +344@; 183 + 13;; 197 +
12;205 4+ 27 ka ©

Table 1. Previous chronological studies from lava flows at Ruapehug 1) Greve et al. (2016); 2) Conway et al. (2016); 3) Donoghue et al.
(1999); 4) Price et al. (2012); 5) Eaves et al. (2016b); 6) Gamble et al. (2003). *Age limits redefined in this study based on $Hecos eruption

ages. Ages separated by commas represent the same lava flow, semicolons separate dates from different flows.
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2.2 Previous chronological studies on postglacial lavas

The first constraints on eruption ages of Whakapapa lavas were given from studies of tephra layers (Topping, 1974; Price et al.,
2012). Conway et al. (2016) were the first to provide absolute ages using *° At/* Ar, for which samples from slowly-cooled lava
interiors are needed, as Ar analyses are done in crystalline groundmass (glass contents <5%) with large microlites. The lack
of abundant exposures of lava interiors limited its application to only 10 flows, and although this technique yielded reasonably
precise ages for lavas >20 ka, their relative errors increase with decreasing age, varying between 16 and 23% for 20-11 ka
deposits and 32 and 1000% for Holocene lavas (see Table 1).

Greve et al. (2016) refined the eruption age for *°Ar/** Ar-dated and tephra-constrained Holocene lava flows by comparing
characteristic magnetization directions recorded in the lavas with a paleosecular variation record based on lake sediments from
Lake Mavora (Te Waipounamu South Island, Aotearoa New Zealand) independently calibrated using '*C (Turner et al., 2015).
Dating lava flows using paleomagnetic directions, however, requires a previous eruption age constraint and is limited to the
Holocene in Aotearoa New Zealand due to the extension of the sediment record. Only the ages of five flows were constrained
using this method: one from the Crater Lake Member, three from the Iwikau Member (Delta Corner, Bruce Road and Taranaki
Falls flows) and the western lobe of the Saddle Cone Member. Eruption ages provided by Greve et al. (2016) for the Crater
Lake, Delta Corner and Bruce Road flows are tightly constrained (age ranges of ca 300 yrs), while their preferred ages for the

Taranaki Falls flow and Saddle Cone Member span over ~2 and ~1.2 kyr, respectively (Table 1).

3 Methods
3.1 Sampling site selection

The selection of an adequate sampling site is an important step for cosmogenic nuclides exposure dating. Evidence of negligible
erosion is essential, as well as confidence that the targeted rock has not been covered by other rocks, soil, ice, volcanic ash
or vegetation for a significant amount of time since formation. For lava flows, effective sampling was achieved by targeting
tumuli, spikes and other features standing above the main flow surface (e.g., Anderson et al., 1994; Licciardi et al., 20006)
which preserve characteristic primary cooling morphologies of flow surfaces (Figure 2). Additional photos of sampled sites
and examples of not suitable sites can be found in the supplementary file S1.

Using aerial photographs and digital elevation models (DEMs) based on aerial imagery and a newly acquired LiDAR dataset,
we revised the existing maps (Townsend et al., 2017) and identified individual lava flows within each of the different members
of the Whakapapa Formation, which we then targeted in our sampling. Lack of adequate lava surface exposures did not permit
us to sample lavas from the Tureiti and Crater Lake members. Due to the lack of chronological data on several lavas of the
Makotuku Member of the Mangawhero Formation (24-16 ka; Conway et al., 2016, Table 1), we additionally targeted three
flows of this unit on outcrops outside of the LGM ice limits (MF, NR, MA; Figure 1c). We also sampled a site (GR) that we

consider to be postglacial due to the presence of original (non-eroded) lava surfaces and its location inside the LGM ice limit of
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Barrell (2011, Figure 1c). Note that this exposure was previously mapped as Mangawhero Formation (Mangaehuehu Member)

based primarily on its location on the volcano and similarity in appearance to nearby geochemically fingerprinted outcrops.
3.2 Sample collection

All samples were collected under a Research and Collection Permit of the Department of Conservation of Aotearoa New
Zealand, obtained after a consultation process involving local Iwi (Maori tribes) with rightful claims to guardianship of Ru-
apehu. We sampled between three and six shallow surfaces (<6 cm below the flow top) for each targeted flow using a hammer
and chisel. For recording the coordinates and altitude of each surface (vertical precision of 0.1 m) we used a differential Trim-
ble Geo7X GPS corrected by data of VGMT (Ohakune, Land Information New Zealand) and the Chateau Observatory Base
(GeoNet) stations. We also measured surface dip and orientation and azimuth-horizon angle pairs to account for topographic
shielding. For the CTa, CTb and TC samples, in situ topographic shielding could not be acquired, so representative azimuth-
horizon angle pairs were selected based on observations of DEMs. To test the accuracy of this approach, we compared values

derived from DEMs to field-obtained shielding factors from other sites, showing an agreement of 95-99%.
3.3 Mineral separation

For each sample fragment used, mean thickness was calculated using a caliper in 540 points, and then a sample thickness
average was obtained weighted by rock fragment mass. Afterwards, samples were crushed and sieved to obtain a 100-1000
pm size fraction, which was then rinsed to eliminate dust and organic matter and dried at 60° C.

Density separation was done using a 3.0 g/cm® sodium polytungstate solution, after which the heavy concentrates were
leached in a 5% HF; 2.5% NaOH bath for 24 hours before immersing in 3M HCI to remove fluoride precipitates, following
Bromley et al. (2014). After checking under a microscope, we leached a second and third time if necessary in 5% HF; 2.5%
NaOH and/or 2.5% HF; 1.25% NaOH, until we achieved total removal of groundmass on most crystals. We then carried out
magnetic separation of oxides and magnetic groundmass, and finally removed remaining impurities visually, based on colour

and texture, to leave pure pyroxenes (olivines and pyroxenes in the GR samples).
3.4 Geochemical analyses

For each studied lava flow, major and trace element compositions were analysed at the Service d’Analyse des Roches et
Minéraux (SARM) of the Centre de Recherches Pétrographiques et Géochimiques (CRPG, Université de Lorraine, Nancy,
France) by inductively coupled plasma optical emission spectroscopy (ICP-OES) and inductively coupled plasma mass-
spectrometry (ICP-MS), respectively, both for bulk rock and pure pyroxenes/olivines. Each analysed sample consisted of 1
g of powdered rock/minerals that were fused at 980 °C for 60 minutes in Pt crucibles together with ultra pure LiBO; in a 1:3

ratio prior to glass dissolution and measurements. The complete procedure is described in detail in Carignan et al. (2001).



Figure 2. Examples of targeted sites. Red arrows point to a 20 cm long GPS. a), b), ¢) and d) represent typical sampled surfaces ("a’a
morphologies). a) Large tumuli, 1.5 m above ground level (sample RTp-PD027). b) Large tumuli, 2.5 m above ground level (sample DC-
PD330). c) Detail of lava top. Rough, irregular surfaces resembling ’a’a lava flow morphologies, indicatives of minimal erosion (sample
MN-PD220). d) *A’a block standing out ~40 cm above the ground, pencil for scale (sample SC-PD001). e) Surface of the Pinnacle Ridge
spatter deposit (sample PR-PD085). f) Sampled surface of the Waihohonu Plateau blocky flow (sample WP-PD00S).



180

185

190

195

200

205

3.5 Measurement of Helium isotopes concentrations

We analysed He and “He concentrations in pyroxenes and olivines using a GV Instruments Helix Split Flight Tube multi-
collector noble gas mass spectrometer attached to a gas line at CRPG (e.g., Schimmelpfennig et al., 2011; Blard et al.,
2013, 2015).

Pure minerals were wrapped in tin capsules, loaded in a carousel and baked for one night at 100° C under ultrahigh vacuum.
The samples were heated to >1300° C for 15 minutes in a full metal induction furnace (Zimmermann et al., 2018) and gases
expelled were purified using four activated charcoal traps at 77 K in order to trap large amounts of CO,, H,O, N, and heavy
noble gases (Ar, Kr and Xe) from the melted samples by physisorption. In parallel, four getters initially activated at 800° C
were used at room temperature to trap all reactive species (e.g. H,O, CO,, N;, O,) by chemisorption. After these two steps,
He was condensed using a cryogenic trap at 12 K under ultra-low pressure (0.5-1 x 10 mbar), and then released at 75 K
towards the mass spectrometer that measured, in static mode, *He and *He. The source settings were adjusted to get the best
compromise between linearity, sensibility and stablity (e.g. 3He sensitivity = 4.30 x 10'® & 5% cps/mol, *He sensitivity = 7.45
x 10" 4+ 2% mV/mol). HESJ gas standards (20.63 R/Ra, Matsuda et al., 2002, Ra: atmospheric 3He/*He ratio of 1.39, Lupton
and Evans, 2013) were measured daily with a reproducibility of 4.7% and “He and *He values were also routinely compared
with CRONUS-P standards (Blard et al., 2015; Schaefer et al., 2016, reproducibility of 5.0%). The main source of background
He (measured daily, typical *He blanks < 5 + 3.5 x 10* atoms; typical *He blanks of 1.3 x 10° & 1.8 x 10® atoms; *He/*He
ratios similar to 1 Ra) was the Ta crucible, which was degassed at 1800° C for 30 minutes prior to analyses.

Crushed-released He isotopic analyses (used for magmatic corrections) were performed in samples with larger crystals
(dominant fraction 500-1000 pm, which were shown to contain larger amounts of magmatic He likely hosted in melt inclu-
sions, Puchol et al., 2017) using a soft iron slug activated by external solenoids. Samples were crushed for 5 to 7 min at 100
strokes/min, with tube-specific 3He blanks between 3.8 + 1.1 and 0.6 + 0.3 x 10* atoms, and *He blanks between 3.1 + 0.1
x 10° and 2.0 & 1.8 x 10® atoms. For a detailed description of the in-vacuo crushing He extraction method see Puchol et al.

(2017).
3.6 Surface exposure age determinations
3.6.1 Calculation of cosmogenic *He

To correctly determine the concentration of 3He,qs, it is necessary to consider the non-cosmogenic contributions to total 3He

measured when fused in vacuo (CHe), described by the equation:
3]{etot = 3Hecos +3Heatm +3H6nuc +3H6mag (1)

where 3He,y, is the atmospheric >He hosted at the minerals’ surfaces as a contaminant and is time independent. 3He.
is the nucleogenic *He produced by capture of low-energy neutrons emitted by °Li and dependent on Li concentrations in

the mineral, U and Th concentrations in the rock, and the mineral closure age (equivalent to eruption age for pyroxenes and
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olivines in volcanic rocks, Kurz, 1986a). *He,, is the magmatic *He contribution (time independent) present in melt and fluid
inclusions, and within the matrix of the minerals.

Atmospheric He (both *He and “He) concentrations are inversely proportional to the mineral grain size and become insignif-
icant for minerals larger than 100 um (Blard, 2021), so they were considered non-existent in our calculations. *He,,. quotas
are normally negligible for uneroded lava flows, in which the closure and exposure ages are the same (Kurz, 1986a), as shown
by our calculations (Table A3) based on the spreadsheet developed by Blard (2021).

The total contribution of 3Hemag was accounted for in Equation 3, and estimated using a magmatic ratio obtained as an
uncertainty-weighted average from isotopic analyses of three samples crushed in vacuo and previous data from pyroxene and
olivine phenocrysts in the Waimarino and Ohakune basalts (subsection 4.2 and supplementary files S2.1 and S2.2).

The total amount of “He measured in each sample (*He,) is defined by the equation:
4H€tot = 4Ifemag +4H6atm +4H6rad +4Hecos (2)

where *Hep,e corresponds to the time independent magmatic “He quota naturally present in the minerals, while *Heym
accounts for atmospheric “He contaminating the minerals’ surfaces (time independent). “He,,q is generated by the decay of
radioactive isotopes such as U, Th and Sm present in the minerals and dependent on the abundance of these elements in the
minerals, and the closure age. Crystals normally exhibit an enriched “He exterior rim generated by implanted *He,,q from
the matrix (Lal, 1989), typically with higher concentrations of U, Th and Sm. *He,,, refers to the cosmogenic contribution
of “He, negligible compared to other non-cosmogenic varieties of *He (Blard, 2021) and are therefore also omitted from our
calculations.

In this paper we follow the approach of Blard and Farley (2008), which corrects for the contributions of *Head, *Hemag and

3Hemae for uneroded lava flows, using the equation:

3 4 ®He
Heqor —*Her (745 )
mag

3H cos = 3
e 7 3)

where R (or R factor) is defined by:

- P4 3H6
we-(2) ()., ¥

where P, and P5 are the *He,,q and local *He,,, production rates.

The use of the R factor is essential when using >He,, to date uneroded lava flows, as it permits the incorporation of a
time-dependant ‘He,q quota, avoiding the issue of under- or overestimation of the 4Hemag (and hence 3Hemag) contribution.

Individual values of P, were calculated for each lava flow using the spreadsheet developed by Blard (2021), neglecting the
implanted “He,,q component to account for the removal of the “He-enriched crystal rim with HF leaching.

Sample-specific P; estimates were obtained following the Lal-Stone time corrected scaling scheme (Lal, 1991; Stone, 2000;
Nishiizumi, 1989; Balco et al., 2008) using the online calculator ‘Cosmic Ray Exposure program’ (CREp, https://crep.otelo.

univ-lorraine.fr/; Martin et al., 2017) and the global 3He,os production rate database therein.
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3.6.2 Determination of exposure and eruption ages

To obtain exposure ages, we used the CREp online calculator, which calculated exposure ages based on our *He.; concentra-
tions and scaling parameters, Lal-Stone time corrected scaling scheme (Lal, 1991; Stone, 2000; Nishiizumi, 1989; Balco et al.,
2008), ERA40 atmosphere model (Uppala et al., 2005), the geomagnetic framework of Muscheler et al. (2005) and worldwide
mean *He,,s production rates of 122 4 12 at/g/yr at sea level on high latitudes (SLHL).

Exposure ages calculated using the LSD scaling scheme (Lifton et al., 2014) and different atmospheric models and geo-
magnetic databases are available in the supplementary material (S3), showing variations of 1-3% compared with the exposure
ages caculated using the parameters outlined above. This is, however, not the case of the LSD geomagnetic framework, which
provides exposure ages between 8.6 and 3.8% younger. This discrepancy can be explained by a higher spatial variability of the
LSD framework than other models, and especially by the model’s relative scaling factor high over the Aotearoa New Zealand
region during the Holocene (Lifton, 2016). New paleosecular variation records based on Aotearoa New Zealand lake sediment
cores (Turner et al., 2015; Turner and Corkill, 2023) suggest that this scaling factor high is a spatial artefact caused by the small
number of Southern Hemisphere records used to make up the global model on the LSD framework. Thus, we place greater
emphasis on results produced using models that do not contain such effects (e.g., Muscheler et al., 2005; Lifton, 2016).

3He,s production rates have been shown to be indistinguishable in clinopyroxenes and orthopyroxenes (Delunel et al., 2016),
justifying our decision to use a worldwide mean production rate estimate for our exposure age determinations. Additionally,
this production rate value is supported by a local calibration test using the radiocarbon-dated debris avalanche deposits of the
Murimotu Formation, on the outer northwestern slopes of Ruapehu (Eaves et al., 2015). Despite some studies suggesting that
olivines concentrate slightly larger amounts of 3He.,s compared to pyroxenes (Ackert et al., 2003; Fenton et al., 2009), the
difference was almost statistically insignificant, and in a more recent study, Fenton and Niedermann (2014, as well as previous
data from Blard et al., 2006) provided results implying that olivine and pyroxenes have similar amounts of >He,os.

We measured three to five samples per lava flow to counter the possibility that individual samples may be affected by
erosion or shielding that would compromise their accuracy for constraining the time of lava flow emplacement. To derive
single exposure ages for lava flows from these multiple measurements, we used each sample’s internal age uncertainty (1o, not
including the external uncertainty from P3) and implemented the summary age statistics and outlier removal routine contained
in version 3 of the Balco et al. (2008) online exposure age calculator, described in the documentation (section 4.C. available at
https://sites.google.com/a/bgc.org/v3docs/). In summary, we used weighted mean summary ages if the samples formed a single
population at the 95% confidence interval using the chi-squared statistic. If this result could not be achieved by incremental
outlier removal while maintaining a sample population >3, then we used the mean and standard error as the summary age of the
lava flow. We finally propagated the P3 uncertainty into all summary ages (reported with their 20 interval), which is necessary
when comparing TCN-based eruption ages to those from other geochronological methods (e.g. “° Ar/*° Ar). In the case of flows
for which less than three samples passed the single population test (or only two samples were analysed), we considered the

summary age to be a minimum eruption age. For those flows with three or more exposure ages passing this test, summary ages
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were considered robust eruption ages. We used internal 2¢ intervals (INT 20, not including P5 errors) to compare intra and

inter-site age distributions and clustering.

4 Results
4.1 Bulk rock and mineral geochemistry

Major and trace elements concentrations of bulk rocks and minerals from each of the lava flows studied can be found in
Table A2.

All bulk rock analyses yielded basaltic andesite to andesitic compositions according to the classification scheme of Le Maitre
(2002). Our results indicate that, from the sampled flows, younger flows tend to be less evolved than older flows (Figure 3a).

Most flows have a bulk geochemistry similar to the reported ranges (Conway et al., 2016) for the respective units they were
classified as (Townsend et al., 2017). The only exception is the site here referred as NR, which shows higher MgO (6.22 wt.%)
and lower Na,O (2.95 wt.%) than other samples of the Makotuku Member (2-3 wt.% and 3.4—4 wt.%, respectively, Conway
et al., 2016). Instead, major element geochemistry of our NR sample matches that of the Mangaehuehu Member (4.7-7 wt.%
MgO and 3-3.4 wt.% Na,O, Conway et al., 2016), the lavas of which are significantly older (Table 1).

Mineral geochemistry shows that, on average, the pyroxenes are pigeonite (Figure 3b), although analyses of modal phases
of Ruapehu lavas (Hackett, 1985; Conway, 2016) suggest that this represents a combination of augite and enstatite crystals.
MN and TSa yield average compositions of enstatite phases, indicating that the orthopyroxene phase dominates over the
clinopyroxene in these flows. The analysed olivines (sample GR-PD023) are magnesium-rich (Fogy; Table A2). Comparing the
obtained average compositions with previous *He,,, studies, our pyroxenes show higher contents of orthopyroxene than those
analysed by Blard et al. (2006) and higher clinopyroxene contents than samples of Eaves et al. (2015).

In general, trace element concentrations are relatively homogeneous across the sampled sites. Figure 3¢ shows the concentra-
tions of the main radioactive elements producing “He,,q (U, Th and Sm) in bulk rock and in the mineral phases (pyroxenes and
olivines). Bulk rocks contain 0.94—1.74 ppm U, 4.04—6.50 ppm Th and 2.41-3.25 ppm Sm, while pyroxenes contain 0.01-0.10
ppm U, 0.04-0.36 ppm Th, and 0.44-2.07 ppm Sm (uncertainties <20% and detection limits of 0.01 ppm). Note that U and Th
concentrations in the rock are not involved in the production of the measured 4He,,q, as the external crystal rims were removed
before the analyses. GR olivines have lower contents of these elements (with U below the detection limit), and therefore larger
P, associated errors. However, element concentrations provided for minerals represent maximum values, as there is a possibil-
ity of groundmass and/or melt inclusion contamination that may be not accounted for at the time of measurement. These values
indicate (maximum) partition coefficients (Kd) of 0.006-0.085 for U; 0.006—0.080 for Th and 0.15-0.74 for Sm in pyroxenes
and 0.045 for U; 0.045 for Th and 0.11 for Sm in olivines. The pyroxene maximum Kd values, in general, agree with values
from the literature (Dostal et al., 1983; Luhr and Carmichael, 1980; Gallahan and Nielsen, 1992; Nicholls and Harris, 1980).
Those for U and Th in olivines are similar to those reported by Dunn and Sen (1994) and Villemant (1988), while the Kd for
Sm in our olivines is an order of magnitude larger than that of Dunn and Sen (1994), which can be explained by the impact of

fluid inclusions with higher Sm contents within the olivine crystals.
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Figure 3. a) TAS classification diagram of the sampled lava flows (Le Maitre, 2002). Coloured areas represent geochemical ranges of
Whakapapa and Mangawhero lavas. b) Pyroxene compositions according to the classification scheme of Morimoto et al. (1988). Each
triangle represents the average geochemistry of each lava flow’s pyroxene population. ¢) U, Th and Sm concentrations in the samples. x axis

represents maximum concentrations in minerals (pyroxenes and olivines) and y axis in bulk rock.
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4.2 Local magmatic 3He/*He ratio

We measured *He and “He released after in-vacuo crushing for samples MA-PD058; WG-PD326; and DC-PD329 (data avail-
able in supplementary file S2.1). These values result in *He/*He ratios of: 5.5 4 1.0; 17.9 4 6.9; and 9.2 + 6.1 x 10 for each
sample, respectively. The large uncertainties associated with the ratios measured in samples WG-PD326 and DC-PD329 are a
result of the low total “He values (<5 x 10° at/g).

We used the three measured 3He/*He values and two ratios from Patterson et al. (1994) to constrain the local magmatic
3He/*He value. These are 6.5 #+ 2.4 x 10% (Ohakune basalt pyroxenes, one sample) and 8.6 & 3.7 x 10 (Waimarino basalt
olivines, mean of three aliquots from one sample), which are comparable to those obtained by in-vacuo crushing of our samples.
All analyses from Patterson et al. (1994) are from fused samples (and not from in-vacuo crushed samples, which is the standard
approach to release predominantly magmatic He, Kurz, 1986b), but we assumed that all the measured *He and “He has a
magmatic origin, as the samples come from flow interiors of young flows (i.e. they likely contain low “He,q and minimal to
no *He..s). With this data, we calculated an uncertainty-weighted mean 3He/*He ratio using IsoplotR (Vermeesch, 2018) and
obtained a value of 5.9 4 2.6 x 10® (or 4.2 4 1.9 Ra, see supplementary file S2.2), which we used for the magmatic corrections

in this study. The impact of the obtained magmatic ratio and its uncertainty in our results is described in subsection 4.3.
4.3 Fusion-released Helium isotopes and cosmogenic *He concentrations

We analysed a total of 77 samples from 23 individual flows. All fusion 3He and *He measurements, calculated >He,,s concen-
trations, and derived exposure and eruption ages are shown in Table 2. Measured *He varies between 2.1 x 10° and 2.4 x 107
at/g, with 2-7% of relative associated error (1o). “He,.; values are surprisingly low across most of our samples (possibly due
to the repeated HF-leaching steps the samples were exposed to prior to analysis, see Bromley et al., 2014), typically ranging
between 0.3 and 9.6 x 10'° at/g with uncertainties between 0.04 and 0.18 x 10'* at/g. These values normally result in total
3He/*He ratios of 130-800 Ra, although they are lower (50-90 Ra) or higher (1200-1500 Ra) in some cases (see Table 2).
The complete detail of all sources of corrections is available in Table A3 and in the supplementary file S4. Calculated
3He,,. production rates (Pp,) are four orders of magnitude below P3 values, making *He.s results insensitive to nucleogenic
corrections. P, ranges between 4 x 10* and 3 x 10° at/g/yr. We assume a 10% error associated with all P4 results, except
for the site GR, which has lower concentrations of radioactive elements (hence, the lowest P4 number within our lavas) with
uncertainties of 20—40%, for which we considered a 25% in our P, estimates. Uncertainties associated with the calculated local
magmatic *He/*He ratio represent <10% of the informed error associated with 3He,, results. This ratio, combined with our
P, calculations (3.5 x 10*-6.1 x 107 at/g/yr) and local P3 values between 313 and 584 at/g/yr (elevations between 1288 and
2148 m asl) yields R factors >0.99 (Table A3). This indicates that, even if the measured concentrations of radioactive elements
in our minerals represent maximum values, corrections for “He,,q have a minor (<1%) impact on our final 3He,.s values. The
3He,os/*Hey ratios calculated for our samples vary between 0.90 and 0.99, implying that the He,os quota dominates over

magmatic (and nucleogenic) 3He.
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The used magmatic *He/*He ratio (5.9 4 2.6 x 10%; or 4.2 £ 1.9 Ra) is derived from only three samples from Ruapehu
crushed in vacuo (this study) and two samples from the Ohakune and Waimarino basalts (data from fused samples, Patterson
et al., 1994), and it is therefore not well constrained. However, this does not significantly affect our final results due to the low
4He,,, measured in most of our samples. To demonstrate this, we estimated the resulting 3He,s concentration if the magmatic
SHe/*He ratio of the sample SC-PD001 (which has the smallest measured *He/*He ratio across our samples, and is hence
the most sensitive to this test) was 8.4 Ra and 2.1 Ra (twice and half the mean value of 4.2 Ra used for our calculations,
and covering most of the range globally observed in subduction zone volcanism, Hilton et al., 2002). This test yields *Heos
concentrations of 3.28 + 0.31 and 3.71 4 0.31 x 10° at/g (resulting in exposure ages of 9.74 4+ 0.85 and 10.91 + 0.83 ka) with
magmatic ratios of 8.4 and 2.1 Ra, respectively, both falling within the error of the concentration obtained using a magmatic
ratio of 4.2 + 1.9 Ra for SC-PD001 (3.57 4 0.31 x 10° at/g; exposure age 10.53 & 0.83 ka). This indicates that the potentially
variable magmatic *He/*He ratios present in our samples do not significantly impact our results, although they might partially

explain small differences between the obtained exposure ages of samples from the same flow.

4.4 Lava flows: background and new 3He constraints

We obtained 16 eruption ages and seven minimum eruption ages (Table 2) based on the criteria defined in subsection 3.6.2.
4.4.1 Iwikau Member

The Iwikau Member of the Whakapapa Formation covers a large area on the northwestern and eastern flanks of Ruapehu
(Figure 1), and is subdivided into three flow packages: Tawhainui, Mangatoetoenui, and Taranaki Falls flows (Figure 4a, b), all

interpreted to have originated from Ruapehu’s northern vent (Townsend et al., 2017).

Tawhainui flows

The Tawhainui flows comprise a voluminous sequence of lava flows on the northwestern slopes of the volcano. They have
been the most studied unit of Ruapehu due to their accessibility and availability of the fresh exposures of flow interiors,
facilitated by the construction of the largest ski field in Te Ika-a-Maui North Island. We sampled three flows from this unit:
Delta Corner flow (DC samples), Bruce Road flow (BR samples, both after Greve et al., 2016), and Whakapapa Glacier flow
(WG samples).

The fresh-looking Delta Corner flow has been previously dated at 6.0 + 2.4 ka with “°Ar/3° Ar by Conway et al. (2016), age
refined to 8200-7900 BP by Greve et al. (2016) based on paleomagnetic data. Analyses from three samples from an area with
distinct "a’a surface morphologies (see Figure 2b) yield well clustered exposure ages, which result in an eruption age of 7.8 +
1.5 ka. Our result shows perfect agreement with the age range of 8200-7900 BP provided by Greve et al. (2016), suggesting
that the flow’s true age lies on the upper end of the uncertainty provided by Conway et al. (2016).

The Bruce Road flow is a large ’a’a flow that underlies the Delta Corner flow, and that has been constrained to 8800-8500

BP by Greve et al. (2016) using paleomagnetism. Downslope from the BR sample site, the flow has unclear boundaries, as it is
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covered by vegetation. Based on four individual exposure ages (7.4, 8.1, 7.8 and 9.1 ka), we obtained an eruption age of 8.1 +
2.1 ka for the Bruce Road flow, which is consistent with its paleomagnetic constraint.

The Whakapapa Glacier flow is one of the youngest lavas of the sequence based on stratigraphic relations, which suggest
a comparable age to that of the Delta Corner flow. Due to the highly eroded nature of the Whakapapa Glacier flow’s surface,
only two WG samples were collected, which yield a minimum eruption age of 7.8 & 2.4 ka. This result is consistent with the

stratigraphy and the age of the Delta Corner flow.

Mangatoetoenui flows

This subunit includes a group of lava flows on the eastern slopes of Ruapehu and its age is poorly constrained (Table 1).
We sampled four individual flows classified based on geochemistry and location within the Mangatoetoenui flows: Lava Cas-
cade (LC samples), Tukino Slopes-a (TSa samples), Tukino Slopes-b (TSb samples), and Tukino Flats (TFt samples) flows
(Figure 4b).

The LC sample site is interpreted to be part of an approximately 4-km long lava flow terminating at a 20 m high lava cascade
at 1620 m asl. This flow was described in detail by Rhodes (2012) and dated on a cliff at its terminus at 0.8 = 5.6 ka by Conway
et al. (2016). We analysed four individual samples from an outcrop located ~1 km upslope from the lava toe and obtained an
eruption age of 11.4 + 2.3 ka for the Lava Cascade flow (outside the 2¢ interval of Conway et al., 2016, see subsection 5.1),
with one young outlier removed (sample LC-PD256). The outlier can be explained by local erosion, shielding from a now
collapsed neighbouring lava tumuli (and hence an underestimation of the shielding factor) or a period of tephra cover that
could have reduced the *He production on the surface sampled.

The Tukino Slopes-a flow has not been previously dated, but its location and stratigraphic position suggest a similar eruption
age to the Lava Cascade and Tukino Slopes-b flows. All measured TSa samples (8.7, 9.5 and 9.9 ka) form a single population
and provide an eruption age of 9.4 & 1.8 ka, in good agreement with the stratigraphy.

The TSb sample site likely corresponds to the same flow dated with “°Ar/*Ar at 9.2 4 8.0 by Conway et al. (2016). We
obtained exposure ages of 10.5, 11.9, and 11.9 ka for the TSb samples, which result in a refined eruption age of 11.5 + 2.2 ka
for the Tukino Slopes-b flow. The eruption age we obtained for the Tukino Slopes-b flow is consistent with (and more precise
than) the existing radiometric age and, as suggested by the stratigraphy, similar to the age of the Tukino Slopes-a flow.

The TFt sample site is located at a lower elevation (~1515 m asl), and its stratigraphic position suggest a similar or older
age than the rest of the Mangatoetoenui flows. Our results for three TFt samples (7.7, 10.8 and 7.3 ka) do not form a single
population, and result in a minimum eruption age of 8.6 &+ 4.6 ka for the Tukino Flats flow. The older exposure age (10.8 ka)
is difficult to explain as an outlier, as the presence of inherited *He is not justifiable for lava flows, whereas the younger ages
may be explained as outliers owing to surface erosion or temporal burial by alluvium or tephra. Lack of additional samples
hindered our ability to obtain a robust eruption age. Considering a minimum eruption age of 8.6 & 4.6 ka, the ages of the other

flows from the Mangatoetoenui flows, and their stratigraphic position, our best estimate for the Tukino Flats flow is 12—10 ka.

Taranaki Falls flow
The Taranaki Falls flow (TFa samples) is a rootless (not continuous towards the vent it would have been erupted from)

elongated lava flow which outcrops discontinuously for ~8 km almost directly to the north of the volcano’s summit area
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(Townsend et al., 2017, Figure 4a) and terminates at the 20 m waterfall after which it is named. The flow was dated with
4OAr/°Ar at 8.8 + 2.8 ka by Conway et al. (2016). Based on this date, Greve et al. (2016) found two age ranges (10 80010
200 and 9500-8900 BP) with better match to the local paleosecular variation record.

We sampled the flow at an outcrop 800 m upstream from the flow terminus and obtained exposure ages of 14.6, 14.2, and

15.0 ka, resulting in an eruption age of 14.6 £ 2.9 ka, outside the confidence interval of the radiometric age (see subsection 5.1).
4.4.2 Saddle Cone Member

This unit comprises a large, lobate "a’a flow originating from a parasitic cone on the north-northeastern side of Ruapehu, almost
disconnected from the main edifice (Figure 4a). The only available constraint for this flow was provided by Greve et al. (2016),
who suggested an age of 9850-8650 BP based on paleomagnetic analyses of samples from the western lobe of the flow. The
Saddle Cone Member also includes a smaller blocky lava flow lying between this cone and Ruapehu’s summit region (that
likely originated from a satellite vent), adjacent to the Waihohonu Ridge and here referred to as the Waihohonu Plateau flow,
linked to the main Saddle Cone deposits by its geochemical similarity and location. Nairn et al. (1998) suggested that the
Waihohonu Plateau ("1990 m lava" therein) might be younger than 5 ka, as no deposits from the Papakai Tephra were found
above the flow.

Individual exposure ages of samples from the main western lobe of the Saddle Cone lavas (SCw samples; 10.5, 10.2 and 9.2
ka) show good agreement. We additionally analysed a sample from the eastern lobe (SCe, whose surface elevation is more than
100 m below that of the main lobe, see Figure 4a) to test the hypothesis of a multi-episodic origin. The obtained exposure age
of this sample is 9.6 ka (Table 2), indistinguishable from those of the western lobe. We suggest a single eruption age for both
lobes of 9.9 £ 2.0 ka (n=4), consistent with the existing paleomagnetic constraint for this flow.

The blocky nature of the Waihohonu Plateau flow made it difficult to find uneroded surfaces, and only two samples were

obtained (WP samples). Analyses from these samples result in a minimum eruption age of 11.2 + 2.2 ka.
4.4.3 Pinnacle Ridge Member

The Pinnacle Ridge Member is a welded spatter deposit linked to a dike on a ridge of the same name on the northern flanks of
the volcano (Figure 4a). Due to its geochemistry and geographic location, Donoghue et al. (1999) linked this isolated spatter-
fed lava deposit to the Taurewa pyroclastic unit (ca 10 ka) described by Topping and Kohn (1973), manifested as a tephra layer
with isopachs centered on the northern flanks of Ruapehu.

PR samples yield exposure ages of 20.8, 19.0 and 21.5 ka, resulting in an eruption age of 20.4 £ 4.0 ka for this unit, at least

10 kyr prior to the Taurewa eruptive event.
4.44 Rangataua Member

The Rangataua Member includes the longest and most voluminous known lava flow of Ruapehu (>15 km long; ~1.5 km?). It

first outcrops ~3.5 km south from the summit, which led to the hypothesis that it is sourced from a satellite vent (Hackett, 1985;
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Price et al., 2012), although Townsend et al. (2017) suggest initial transport over ice as a possible alternative explanation for
its rootless nature. Based on geochemical differences, this unit was first subdivided by Price et al. (2012) into proximal, medial
and distal flows (the latter being the largest flow of the sequence), who suggested eruption ages of 12—10 ka based on under-
and overlying tephra sequences (unpublished data). These lavas overlie at 1600-1400 m asl left lateral moraines which have
been correlated to right lateral moraines of the Mangaehuehu River valley dated at 11-14 ka (Eaves et al., 2019) using *Heos
dating (Figure 4d). We sampled the Rangataua Member at two locations; one close to the highest outcrops (RTp, "proximal"),
and another one approximately 1 km to the south (RTm, "medial"). We did not sample the distal flows, which are interpreted
to be older than the medial flows, due to vegetation cover (Figure 1c).

RTp samples yield exposure ages of 13.9, 12.4, 13.9 and 14.4 ka and a final eruption age of 13.6 & 2.6 ka. Results of RTm
samples (16.2, 16.0, 15.3 and 8.2 ka) include a young outlier, but the remaining samples are internally consistent and indicate
an eruption age of 15.8 £ 3.0 ka, which agrees with the field relationships of the area, as this flow underlies RTp, but not
so with previous age estimates (see subsection 5.1). The ages of the Rangataua proximal and medial flows and their INT 2o
uncertainties (13.6 + 0.6 and 15.8 & 0.8, respectively) do not overlap, indicating that they correspond to different eruptive

episodes.
4.4.5 Paretetaitonga Member

The Paretetaitonga Member comprises a series of lava flows that likely originated from the northern summit vent of Ruapehu
and emplaced in the headwaters of the Whakapapaiti Stream, northwest of the summit area (Figure 4a). We sampled one lava
(Whakapapaiti flow, WT samples) stratigraphically higher than the only flow dated from this unit (14.8 £ 3.0 ka, Conway
et al., 2016).

We obtained exposure ages in good agreement with each other (12.8, 13.4 and 13.7 ka), resulting in an eruption age of 13.3

=+ 2.6 ka, consistent with the existing chronology.
4.4.6 Turoa Member

The Turoa Member corresponds to a sequence of numerous flows extending directly west from the edge of Ruapehu’s crater
rim and reaching the Mangaturuturu valley bottom. Based on the distributions of the flows and two “°Ar/*® Ar dates (Table 1),
this unit is assumed to have been formed by effusive activity from the southern summit vent at ca 170-10 ka. We sampled five
sites, distributed on the northern (MN, MS), central (CTa, CTb) and western (TC) areas (Figure 4c) covered by this unit.

The Mangaturuturu North flow corresponds to a flow on the headwaters of the Mangaturuturu Stream, and due to strati-
graphic relations and flow morphologies, was suspected to be the youngest lava on western Ruapehu. We analysed five surfaces
of the Mangaturuturu North flow (MN samples, with exposure ages of 8.0, 8.9, 6.0, 8.9 and 7.7 ka), and eliminating the young
outlier of 6.0 ka, they yield a robust eruption age of 8.3 + 1.6 ka.

The Mangaturuturu South flow underlies the Mangaturuturu North flow, and extends down ~3 km from the summit area.
Poor exposures of original flow surfaces prevented us from collecting more than three samples from the Mangaturuturu South

flow (MS samples). Additionally, purification of the minerals in these samples was incomplete due to high (>50%) mass loss
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with each HF leaching cycle, and we suspect an overestimation of measured pyroxene mass for these samples. Sample analyses
result in exposure ages that do not pass the single population test (Table 2), but provide a minimum eruption age of 6.1 £ 1.7
ka.

Central Turoa-a/b flows are located close to each other and at a similar elevation, south of the MN and MS sample sites. We
only collected two samples from the Central Turoa-a flow (CTa) due to a lack of suitable surfaces, which suggest a minimum
eruption age of 13.6 £ 2.7 ka. Three out of four Central Turoa-b flow samples analysed (Ctb samples, with exposure ages of
4.9, 8.8, 8.4 and 8.5) show good agreement and yield an eruption age of 8.6 + 1.7 ka. These results indicate that the Central
Turoa-a and -b flows correspond to two different eruptive episodes.

The Turoa Cascades flow (TC samples) is a large flow that reaches the Mangaturuturu River valley floor, and its stratigraphic
position indicates that it is likely the oldest flow of the Turoa Member. Individual exposure ages of the TC samples (/1.4, 14.1,
13.1 and 13.3 ka) include a young outlier and indicate an eruption age of 13.4 £ 2.6 ka for the Turoa Cascades flow, in good

agreement with the rest of the ages obtained for the Turoa Member lavas.
4.4.7 Makotuku Member (Mangawhero Formation)

We sampled three flows previously mapped as part of the Makotuku Member of the Mangawhero Formation; Makotuku Flat
flow (MF samples) on the southwest, and Nga Rimutamaka and Makahikatoa flows (NR and MA samples, named after local
site and stream, respectively) on the south of Ruapehu’s edifice. The spatial distribution of Makotuku lavas suggest that they
originated from the southern summit vent.

The Makotuku Flats flow extends to the west of the edifice reaching the Makotuku valley bottom (Figure 4d), and overlies a
11-15 ka moraine (Townsend et al., 2017) at the sampled site. Although results of analyses of MF samples are not particularly
well clustered, they behave as a single population and provide an eruption age of 12.6 & 3.5 ka.

Analyses of NR samples yield well clustered exposure ages, and we interpret an eruption age of 42.9 + 8.6 ka, which
corresponds to the only date provided for this lava flow so far. It is worth noting that this age and the geochemical composition
of this flow match with the *°Ar/3° Ar ages and high-MgO/low-Al,Oj3 nature of Mangaehuehu Member lavas (Table 1).

The small area where the Makahikatoa flow outcrops prevented us from obtaining more than two suitable samples, which
result in a minimum eruption age of 54.0 £ 18.0 ka, the first age constraint for this flow.

These three eruption ages do not contradict previous chronology nor the stratigraphy, but they do not match the age ranges
indicated by the geochemical affinities for the Makotuku Member lavas as described by Conway et al. (2016) and Townsend
et al. (2017, see subsection 5.2).

4.4.8 Mangaehuehu Member (Mangawhero Formation)

We sampled a lava flow (Girdlestone Ridge, GR samples) outcropping on a ridge top ~1.5 km south from Ruapehu’s summit
and 800 m southwest from Girdlestone peak. This site was previously mapped as Mangachuehu Member lavas (Townsend

et al., 2017) based on interpretation of aerial imagery. However, the uneroded aspect of the flow’s surface observed in the field
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during this study suggests that it could be younger than previously interpreted. The mineral separation process applied to all
samples produced the only olivine concentrate (with a minor pyroxene population) of this study.
Analyses of these samples indicate a minimum eruption age of 14.2 £ 2.7 ka (mean calculated from the two oldest exposure

ages after the elimination of two outliers), which represents the first age constraint for this lava flow.

Table 2: Results of Helium isotopes measurements and exposure ages by sample.

Sample Latitude Longitude Elevation Shielding 3Hem¢ +1o 4Hem¢ +1o Total *He/*He 3Hec‘,s +lo Exposure age
S) (E) (MSL) factor (10° at/g) (10" at/g) (R/Ra) (10° at/g) +10 (ka)
DC - Delta Corner flow Tawhainui flows - Iwikau Member
DC-PD327 39.2346 175.5515 1600.4 0.999 2.82 +£0.21 0.72 + 0.05 283 £ 28 278 £0.21 7.52 +0.50
DC-PD329 39.2342 175.5509 1591.8 0.999 3.08 +0.23 0.98 + 0.05 227 £ 20 3.03 +£0.23 8.22 £ 0.56
DC-PD330 39.2341 175.5507 1590.3 0.999 2.89 +£0.22 0.80 & 0.05 260 + 26 2.85+022 772 +£0.52
Eruption age of DC: 7.8 + 1.5 ka
INT 20: 0.6 ka
BR - Bruce Road flow Tawhainui flows - Iwikau Member
BR-PD014 39.2201 175.5405 1360.0 0.999 233 £0.12 0.61 + 0.05 277 £ 26 2.30 £ 0.13 7.37+0.35
BR-PDO16 39.2198 175.5379 1359.2 0.982 2.57 £0.14 1.45 £ 0.06 128 £9 2.49 £0.14 8.05 £ 0.41
BR-PDO017 39.2190 175.5409 1332.6 0.998 247 £0.14 1.65 £+ 0.08 108 £ 8 2.38 £0.15 775+ 0.43
BR-PDO018 39.2190 175.5411 1332.4 0.998 2.87 £0.16 1.14 £ 0.08 181 £ 16 2.81 £0.16 9.13 £ 0.50
Eruption age of BR: 8.1 £ 2.1 ka
INT 20: 1.5 ka
WG - Whakapapa Glacier flow Tawhainui flows - Iwikau Member
WG-PD325 39.2557 175.5551 2079.1 0.991 444 +0.22 0.91 + 0.05 351 + 26 4.40 +£0.22 8.51 £0.39
WG-PD326 39.2556 175.5549 2066.7 0.995 3.67 £0.19 1.15 £ 0.07 230 £+ 18 3.61 £0.19 7.13 £ 0.33
Minimum eruption age of WG: 7.8 + 2.4 ka
INT 20: 2.0 ka
LC - Lava Cascade flow Mangatoetoenui flows - Iwikau Member
LC-PD254 39.2718 175.6052 1827.1 0.997 5.13 £0.36 1.22 £+ 0.05 303 +25 5.07 £0.37 11.38 £ 0.75
LC-PD255 39.2718 175.6053 1826.6 0.997 5.01 +£0.36 1.75 £ 0.06 206 + 16 491 4+0.36 11.14 £ 0.74
LC-PD256 39.2718 175.6053 1825.6 0.996 3.99 +£0.29 1.46 £ 0.05 197 £ 16 391 £029 9.02 £+ 0.62 *
LC-PD257 39.2718 175.6053 1824.7 0.996 5.28 +£0.33 0.89 + 0.05 430 + 37 5.24 +£0.33 11.64 £+ 0.68
Eruption age of LC: 11.4 1 2.3 ka
INT 20: 0.8 ka
TSa - Tukino Slopes-a flow Mangatoetoenui flows - Iwikau Member
TSa-PD205 39.2761 175.6021 1905.1 0.983 3.98 £0.22 0.51 +£0.10 570 £ 120 3.96 +£0.23 8.74 £ 0.46
TSa-PD206 39.2761 175.6021 1905.9 0.997 441+0.24 0.14 + 0.08 2300 + 1300 4.41+0.24 9.51 £ 047
TSa-PD207 39.2761 175.6021 1905.5 0.997 4.61 +0.23 0.55 + 0.06 600 + 68 4.58 +0.23 9.85 £+ 0.46
Eruption age of TSa: 9.4 + 1.8 ka
INT 20: 0.5 ka
TSb - Tukino Slopes-b flow Mangatoetoenui flows - Iwikau Member
TSb-PD209 39.2815 175.5993 1932.5 0.997 5.06 £ 0.15 “He below detection limit 5.06 = 0.31 10.47 £ 0.59
TSb-PD210 39.2815 175.5992 1935.0 0.989 5.86 +0.28 1.41 £0.10 299 £+ 25 5.78 £ 0.28 11.92 + 0.54
TSb-PD211 39.2816 175.5993 1929.2 0.993 5.78 £0.28 0.80 & 0.05 522 £ 44 5.74 £0.28 11.90 £ 0.55
Eruption age of TSh: 11.5 + 2.2 ka
INT 20: 0.6 ka
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Table 2: Continued.

Sample Latitude Longitude Elevation Shielding 3Hey £10 ‘Hei £1o Total *He/*He 3Heos +10 Exposure age
) (E) (MSL) factor (10° at/g) (10" at/g) (R/Ra) (10° at/g) +10 (ka)
TFt - Tukino Flats flow Mangatoetoenui flows - Iwikau Member
TFt-PD212 39.2726 175.6261 1521.2 0.994 2.71 £ 0.20 0.95 + 0.06 206 + 20 2.66 + 0.21 7.71 £0.53
TFt-PD213 39.2726 175.6263 1522.0 0.998 3.86 £ 0.27 1.03 £ 0.04 270 + 22 3.80 £ 0.28 10.77 £ 0.71
TFt-PD214 39.2723 175.6271 1506.4 0.988 247 +0.14 0.68 + 0.06 263 + 27 243 +0.14 7.28 £+ 0.36
Minimum eruption age of TFt: 8.6 + 4.6 ka
INT 20: 4.3 ka
TFa - Taranaki Falls flow Taranaki Falls flow - Iwikau Member
TFa-PD088 39.2067 175.5668 1308.2 0.999 4.65 +£0.29 1.64 £ 0.06 204 + 15 4.56 +£0.29 14.62 £ 0.85
TFa-PD090 39.2060 175.5665 1302.8 0.996 4.38 +£0.27 1.01 £ 0.05 312+ 24 4.33 +£0.27 14.23 £ 0.82
TFa-PD091 39.2059 175.5664 1288.2 0.999 4.69 +0.29 1.14 £ 0.04 296 + 21 4.63 +£0.29 15.04 £ 0.85
Eruption age of TFa: 14.6 + 2.9 ka
INT 20: 1.0 ka
SCw - Saddle Cone flow (western lobe) Saddle Cone Member
SC-PD001 39.2143 175.6011 1439.0 0.998 3.85+0.28 5.14 £0.12 54+ 4 3.57 £ 031 10.53 £ 0.83
SC-PD002 39.2143 175.6010 1439.3 0.998 3.59 +£0.26 3.03 £ 0.08 85+7 3.43 +£0.27 10.15 £ 0.75
SC-PD003 39.2146 175.5997 1443.3 0.998 3.45+0.25 3.91 £ 0.09 63+5 324 £0.27 9.54 £0.73
SCe - Saddle Cone flow (eastern lobe)
SC-PD093 39.2115 175.6139 1308.18 0.993 297 £0.22 0.92 4 0.05 233 + 21 294 +0.22 9.64 £ 0.67
Eruption age of SC: 9.9 + 2.0 ka
INT 20: 0.7 ka
WP - Waihohonu Plateau flow Saddle Cone Member
WP-PD007 39.2479 175.5882 1911.7 0.996 5.63 £0.23 2.06 £ 0.07 197 + 11 5.55+0.24 11.60 £ 0.45
WP-PD008 39.2479 175.5882 1912.1 0.995 5224022 1.94 £+ 0.03 194 +9 5.14 £0.23 10.81 £ 0.43
Minimum eruption age of WP: 11.2 & 2.2 ka
INT 20: 0.6 ka
PR - Pinnacle Ridge spatter deposit Pinnacle Ridge Member
PR-PD083 39.2370 175.5672 1730.7 0.979 9.39 £+ 0.44 6.56 £ 0.20 103+ 6 9.03 £ 048 20.82 £ 1.00
PR-PD084 39.2386 175.5689 1860.9 0.988 9.42 + 0.44 7.72 £ 0.24 88 +t5 8.99 £+ 0.49 19.04 £+ 0.93
PR-PD085 39.2385 175.5688 1857.9 0.997 10.69 £ 0.49 5.84 £0.18 132+7 10.37 £ 0.52 21.48 £+ 1.00
Eruption age of PR: 20.4 £ 4.0 ka
INT 20: 1.1 ka
RTp - Rangataua proximal flow Rangataua Member
RTp-PD027 39.3140 175.5509 1831.4 0.997 6.38 £ 0.25 1.74 £ 0.08 264 + 16 6.28 £+ 0.26 13.88 £ 0.53
RTp-PD028 39.3140 175.5509 1833.1 0.996 5.73 £0.26 2.13 £0.12 194 + 14 5.61 £0.26 12.41 £ 0.56
RTp-PD029 39.3140 175.5509 1832.9 0.996 6.42 + 0.36 2.24 +0.18 206 + 20 6.29 + 0.37 13.88 £ 0.75
RTp-PD030 39.3143 175.5512 1816.4 0.988 6.45 £+ 0.31 0.98 £ 0.06 474 £+ 35 6.40 £ 0.31 14.35 £ 0.62
Eruption age of RTp: 13.6 + 2.6 ka
INT 20: 0.6 ka
RTm - Rangataua medial flow Rangataua Member
RTm-PD045 39.3234 175.5520 1585.9 0.991 6.30 £+ 0.38 1.83 £ 0.07 248 + 17 6.20 £+ 0.38 16.22 £ 091
RTm-PDO046 (a) 39.3249 175.5508 1567.6 0.979 6.14 £ 0.25 0.74 £ 0.05 601 + 48 6.10 £ 0.25
RTm-PD046 (b) 39.3249 175.5508 1567.6 0.979 5.98 £+ 0.30 0.98 + 0.08 438 + 43 5.93 £ 0.30
RTm-PD046 mean 39.3249 175.5508 1567.6 0.979 6.04 £ 0.27 16.03 £ 0.64
RTm-PD047 39.3251 175.5503 1567.4 0.997 591 +£0.29 1.13 £ 0.06 376 + 28 5.85+029 15.27 £ 0.68
RTm-PD048 39.3250 175.5503 1567.3 0.997 3.08 £0.16 1.64 £ 0.07 135+ 9 2.99 £ 0.16 8.17 £ 0.40%
Eruption age of RTm: 15.8 &+ 3.0 ka
INT 20: 0.8 ka
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Table 2: Continued.

Sample Latitude Longitude Elevation Shielding 3Hey £10 ‘Hei £1o Total *He/*He 3Heos +10 Exposure age
) (E) (MSL) factor (10° at/g) (10" at/g) (R/Ra) (10° at/g) +10 (ka)
WT - Whakapapaiti flow Paretetaitonga Member
WT-PD073 39.2569 175.5428 1892.4 0.987 6.01 +0.28 0.35 + 0.08 1230 4+ 270 6.00 £+ 0.28 12.78 £ 0.59
WT-PD074 39.2569 175.5428 1892.5 0.991 6.36 £ 0.26 0.73 £ 0.04 624 + 39 6.33 £ 0.27 13.41 £ 0.54
WT-PD075 39.2560 175.5397 1785.0 0.990 6.06 + 0.26 1.24 +0.05 352 + 20 6.00 £+ 0.27 13.74 £ 0.57
Eruption age of WT: 13.3 + 2.6 ka
INT 20: 0.7 ka
MN - Mangaturuturu North flow Turoa Member
MN-PD217 39.2829 175.5322 1815.9 0.993 3.49 +0.24 0.30 £ 0.05 830 £ 150 3.48 +£0.24 7.99 £+ 0.50
MN-PD218 39.2829 175.5321 1813.9 0.993 3.82+023 0.37 4 0.04 739 + 97 3.80 £0.23 8.85 £ 0.51
MN-PD219 39.2829 175.5321 1812.1 0.993 2.47 £ 0.19 0.42 £ 0.05 770 £ 200 2.46 £ 0.19 5.99 +£0.39 *
MN-PD220 39.2829 175.5322 1817.5 0.993 391 +£025 0.77 £ 0.03 668 + 89 389 £0.25 8.89 £+ 0.54
MN-PD221 39.2829 175.5325 1822.8 0.993 3.30 £ 0.20 0.08 £ 0.04 1340 =+ 400 3.29 £+ 0.20 7.66 £+ 0.42
Eruption age of MN: 8.3 + 1.6 ka
INT 20: 0.5 ka
MS - Mangaturuturu South flow Turoa Member
MS-PD222 39.2845 175.5304 1750.6 0.954 2.58 £0.16 0.50 + 0.04 371 + 35 2.55+0.16 6.67 + 0.35
MS-PD223 39.2845 175.5305 1751.4 0.992 2.51£0.17 0.12 £ 0.05 1560 + 710 251 £0.17 6.32 £+ 0.36
MS-PD224 39.2845 175.5305 1750.9 0.992 2.08 £ 0.16 0.40 +0.11 370 + 100 2.06 £+ 0.16 5.33 +£0.37
Minimum eruption age of MS: 6.1 + 1.7 ka
INT 20: 1.4 ka
CTa - Central Turoa-a flow Turoa Member
CTa-PD229 39.2958 175.5395 1924.0 0.996 6.57 +0.33 2.35 £ 0.09 201 £ 13 6.45 +0.34 13.24 £ 0.67
CTa-PD230 39.2959 175.5396 1925.1 0.996 6.93 £ 0.36 276 £ 0.11 181 + 12 6.78 £ 0.37 13.89 £ 0.69
Minimum eruption age of CTa: 13.6 + 2.7 ka
INT 20: 1.0 ka
CTb - Central Turoa-b flow Turoa Member
CTb-PD231 39.2998 175.5392 1877.5 0.996 2.11 £ 0.14 0.66 £ 0.06 230 + 25 2.07 £0.14 4.93 £+ 0.30*
CTb-PD232 39.3001 175.5390 1873.2 0.991 4.00 +0.24 0.74 £ 0.05 390 £ 33 3.96 £+ 0.24 8.79 £ 0.49
CTb-PD233 39.3001 175.5390 1872.0 0.994 3.86 £ 0.25 0.93 £ 0.06 298 + 28 3.81+£0.25 8.39 £+ 0.52
CTb-PD234 (a) 39.3003 175.5391 1873.4 0.996 3.80 £ 0.24 0.90 £ 0.07 283 + 28 375 +£0.24
CTb-PD234 (b) 39.3003 175.5391 1873.4 0.996 3.96 + 0.27 0.60 £ 0.05 472 + 50 3.93 £+ 0.26
CTb-PD234 mean 39.3003 175.5391 1873.4 0.996 3.85+025 8.47 £0.51
Eruption age of CTb: 8.6 + 1.7 ka
INT 20: 0.6 ka
TC - Turoa Cascades flow Turoa Member
TC-PD066 39.3014 175.5193 1533.2 0.997 4.13 +£0.20 1.03 £ 0.06 288 + 23 4.07 £ 0.21 11.37 £ 0.53 *
TC-PD067 39.3015 175.5192 1533.6 0.997 5.24 +£0.27 1.14 £ 0.05 331+ 21 5.18 £0.26 14.09 £ 0.65
TC-PD068 39.3015 175.5192 1533.1 0.997 4.74 +£0.23 1.09 £ 0.04 313+ 18 4.68 +0.23 13.05 £ 0.62
TC-PD070 39.3012 175.5193 1528.0 0.997 4.89+0.23 0.82 + 0.04 431 £ 28 4.85+0.23 13.27 £ 0.61
Eruption age of TC: 13.4 & 2.6 ka
INT 20: 0.7 ka
MF - Makotuku Flats flow Makotuku Member
MEF-PD061 39.3169 175.5143 1437.1 0.971 492 +0.26 1.93 £ 0.07 183 + 12 4.82 +0.27 1421 £0.73
MD-PD063 39.3168 175.5146 1434.8 0.991 4.00 +0.22 2.19 +£0.09 131+9 3.88 +£0.23 11.45 £ 0.62
MF-PD064 39.3167 175.5146 1433.8 0.987 4.08 +0.22 1.65 £ 0.07 178 + 12 3.99 +0.22 11.80 £ 0.61
MF-PD065 39.3167 175.5147 1433.3 0.988 447+ 0.24 1.79 £+ 0.08 180 + 13 437 4+0.25 12.80 £ 0.70
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Table 2: Continued.

Sample Latitude Longitude Elevation Shielding 3Hey £10 ‘Hei £1o Total *He/*He 3Heos +10 Exposure age
) (E) (MSL) factor (10° at/g) (10" at/g) (R/Ra) (10° at/g) +10 (ka)

NR - Nga Rimutamaka flow Makotuku Member
NR-PD053 39.3381 175.5873 1369.8 0.996 16.08 £ 0.67 2.46 £+ 0.08 474 £ 25 16.05 £ 0.67 46.60 £+ 2.12
NR-PD054 39.3384 175.5880 1372.9 1.000 15.34 4+ 0.63 1.89 £+ 0.07 582 + 31 15.21 £ 0.64 4338 £ 1.75
NR-PD055 39.3384 175.5879 1372.7 0.999 14.63 £ 0.62 1.79 £ 0.08 587 £35 14.52 £ 0.62 41.41 +1.53
NR-PD057 39.3384 175.5880 1372.6 0.995 14.80 £ 0.62 2.61 £+ 0.10 408 + 23 14.67 £ 0.63 42.11 £ 1.63
Eruption age of NR: 42.9 + 8.6 ka
INT 20: 1.7 ka

MA - Makahikatoa flow Makotuku Member
MA-PD058 39.3125 175.6116 1594.8 0.996 20.03 £ 0.83 4.82 +£0.15 299 + 15 19.75 £ 0.84 48.96 £ 2.60
MA-PD059 39.3125 175.6116 1593.4 0.998 24.08 + 1.18 9.56 + 0.27 181 £ 10 23.58 +£1.21 58.98 4 2.84

Minimum eruption age of MA: 54.0 + 18.0 ka
INT 20: 14.2 ka

GR - Girdlestone Ridge flow Mangaehuehu Member
GR-PD022 (Ol) 39.3072 175.5613 2148.0 0.996 7.88 £0.21 1.24 £0.10 457 + 37 7.79 £ 0.21 14.02 £ 0.35
GR-PD023 (Ol) 39.3074 175.5615 21473 0.921 7.61 £ 0.49 1.19 £ 0.13 460 £ 59 7.54 £0.49 14.46 £+ 0.85
GR-PD024 (O1) 39.3074 175.5616 2145.4 0.990 6.19 £+ 0.39 1.28 £+ 0.07 348 + 30 6.12 £ 0.39 11.11 £ 0.64*
GR-PD025 (Ol) 39.3078 175.5615 2128.1 0.993 3.61 £0.25 1.87 £ 0.10 139 £ 12 3.50 £0.25 6.81 041 *
Minimum eruption age of GR: 14.2 + 2.7 ka
INT 20: 0.6 ka

*He,os values were calculated using Equation 3, with magmatic *He/*He of 5.9 4 2.6 x 10°° (~4.2 & 1.9 Ra). Individual samples are informed with 1o for reproducibility using the CREp
online calculator. Summary eruption age uncertainties represent 2o values including production rate errors. Internal (INT) 2o errors do not include production rate errors. All analysed
samples consisted of pure pyroxenes with the exception of the site GR, where analysed crystals were olivines with subordinate pyroxenes. For complete data and corrections, see Table A3.
Outliers are marked with * after the calculated exposure age. Two aliquots were measured for samples RTm-PD046 and CTb-PD234, for which we calculated a weighted mean of the

3Heos as a sample summary.

505 5 Discussion
5.1 Comparison with previous age constraints

The new Holocene *He exposure ages yield eruption ages with higher precision than “°Ar/3° Ar dates of Conway et al. (2016) for
this time range (Figure 5). Additionally, young (<20 ka) “° Ar/*® Ar ages of individual samples have normally weak isochrons, as
the R values for their linear fits used to calculate crystallization age (released “°Ar/*® Ar vs 3 Ar/3° Ar in increasing temperature
510 steps) tend to be relatively low (e.g., Harpel et al., 2004; Conway et al., 2016; Preece et al., 2018). Therefore, young “°Ar/* Ar
ages are very susceptible to the decisions involved in the selection of steps included (or discarded) in the calculation of weighted

mean plateau and isochron ages, and our exposure ages based on multiple samples provide more reliable results.
From the four flows sampled in this study with existing “°Ar/3°Ar dates (Conway et al., 2016), two yield eruption ages
agreeing with the radiometric dates (Delta Corner and Tukino Slopes-b flows), and two not only outside the 20 confidence
515 interval of Conway et al. (2016), but older than the OAPAr ages; the Lava Cascade (CHegos: 11.4 + 2.3 ka; **Ar/*Ar: 0.8
+ 5.6 ka, Mangatoetoenui flows, Iwikau Member) and the Taranaki Falls (*He.o: 14.6 & 2.9 ka; “°Ar/3°Ar: 8.8 + 2.8 ka)

flows. The imprecise nature of the radiometric age of the Lava Cascade flow and its weak isochron, together with the good
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agreement between our LC samples and the eruption ages we obtained for the Mangatoetoenui flows, leads us to conclude
that our eruption age for the Lava Cascade flow is more robust than the date provided by Conway et al. (2016). Based on the
good clustering of our results (Table 2), we suggest that our *He,,, eruption age better represents the true eruption age of the
Taranaki Falls flow. Additionally, our eruption age would explain the rootless nature of the flow (Townsend et al., 2017), as it
is older than the flank collapse event that affected the northern summit area of Ruapehu at ca 10.5 ka (Eaves et al., 2015) and
so also the upper section of the Taranaki Falls flow (Figure 6a).

Our results show, in general, good agreement with the lava flow eruption ages refined by Greve et al. (2016) at Ruapehu
(Figure 5). The only exception is the Taranaki Falls flow; the refinement by Greve et al. is based on the *°Ar/*Ar date of
Conway et al. (2016), thus it intrinsically agrees with this age and not with our results. Our *He,,, eruption ages for the Delta
Corner (7.8 £ 1.5 ka; INT 20 0.6 ka), Bruce Road (8.1 & 2.1 ka; INT 20 1.5 ka) and Saddle Cone (9.9 + 2.0 ka; INT 20
0.7 ka) flows match the respective age ranges of 8200-7900, 8800-8500 and 9850-8650 BP provided by Greve et al. (2016).
Moreover, these results suggest that it is unlikely that P5 errors have a significant impact on the accuracy of the eruption ages
from this work, which is also supported by the good agreement of the local *He,, production rate calibration test by Eaves
et al. (2015) with the worldwide mean production rate used in this study.

Eruption ages obtained for the Rangataua proximal and medial flows (13.6 &= 2.6 and 15.8 £ 3.0 ka, respectively) do not agree
with a 12-10 ka constraint suggested by Price et al. (2012) based on tephra stratigraphy (using unpublished data). However,
tephra correlation on Ruapehu is complex due to the large number of pyroclastic units emplaced at 20—11 ka and their broad
geochemical ranges (Pardo et al., 2012a). Detailed studies (Donoghue et al., 2007) attempted to systematize tephra correlation
in this area without success, indicating that the andesitic tephras are highly heterogeneous, displaying wide compositional
fluctuations during short time intervals. Hence, our eruption ages are more robust than the estimate of 12—10 ka by Price et al.
(2012). The other existing constraint for the Rangataua flows was given by a right lateral moraine of the Mangaehuehu Valley
dated at 11-14 ka by Eaves et al. (2019), which was thought to correspond in age to the left lateral moraine overlain by the
RTm flow (Figure 4d). Our eruption age of 15.8 &+ 0.8 ka (INT 20, P5 errors not considered as the moraines were dated using
3He.os) suggests that the moraine underlying the Rangataua flows is older than the dated right lateral moraine, rather than its
equivalent.

Most of the flows dated in this study lack previous age constraints beyond estimations based on geochemical similarity and
geographical proximity to lavas with “*Ar/* Ar dates. The eruption ages obtained for about half of these flows do not agree
with these correlations (Figure 5). Five of them (MN, MS, CTb, MF and GR flows) yield ages younger than any of the dates
informed for the units they were correlated to (i.e., Turoa, Makotuku and Mangaehuehu members). This can be explained by
a sampling bias of Conway et al. (2016) towards older flows, that are more likely to have exposed their slowly-cooled flow
interiors (suitable for “°Ar/3° Ar dating) due to their longer periods exposed to erosive processes and the presence of collapsed
thick margins in the case of previously ice-impounded flows (Conway et al., 2015). PR and MA deposits are relatively isolated
(Figure 4a, b), so the previous geochemical correlations are weaker. The age previously assigned to the PR deposits (Table 1)

was, unlike any other lava in this study, based on a correlation with a pyroclastic unit, adding another layer of uncertainty.
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Figure 5. Comparison between eruption ages obtain in this study and previous chronological constraints of the sampled flows. Unit colours

correspond to the colours on Figure 1. a) Lavas <20 ka. b) Lava flows that are —or were thought to be— older than 20 ka.

Our results represent the first dates for lavas at the the PR and MA sites and indicate older eruption ages than suggested by

geochemical correlations.

5.2 Inconsistency with previous unit classification

Most of the eruption ages measured in this study are consistent with the age and geochemical ranges of the units to which

they were assigned by Townsend et al. (2017). Here, we discuss the results we obtained which do not agree with the existing

classification.

— Donoghue et al. (1999) linked the Pinnacle Ridge spatter-fed lava with the Taurewa pyroclastic unit (ca 10 ka) based on
geochemistry and the concentric nature of the isopachs of the Taurewa deposits around the location of PR. Our results
indicate that the Pinnacle Ridge deposit was emplaced at 20.4 £ 4.0 ka, during the LGM and ca 10 kyr prior to the
Taurewa eruptive event, which is consistent with the lack of preservation of a proximal vent, likely associated with a
significant erosive period and the retreat of large ice masses. Hence, our eruption age for Pinnacle Ridge suggests that

this unit should be included as part of the Mangawhero Formation (50-15 ka) instead of the Whakapapa Formation (<15

ka).
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— MF samples were taken from a large flow considered to be part of the Makotuku Member of the Mangawhero Formation
(ca 24-16 ka, Table 1) based on its geochemistry. Our results show that this lava flow was erupted at 12.6 + 3.5 ka,

which suggests that, based on age criteria, it could be classified as part of the Whakapapa Formation (<15 ka).

— Our NR site was mapped as part of the Makotuku Member, on an area dominated by outcrops of Mangaehuehu lavas
(Figure 4d). Our eruption age of 42.9 £ 8.6 ka for this site, together with the geochemical similarity of the NR samples
to Mangaehuehu lavas (4740 ka, Conway et al., 2016, see Table 1), suggests that the sampled outcrop is part of the
Mangaehuehu Member.

— The outcrop we collected the MA samples from has, due to its geochemical similarity, been considered part of the
Makotuku Member. Two exposure ages indicate that the Makahikatoa flow was emplaced at, or prior to, 50 ka, suggesting
that it was formed during the first eruptive stages of the Mangawhero or in the late stages of the Waihianoa Formation

(see Table 1), with a geochemical signature common in lavas emplaced at 24—16 ka.

— Exposure ages of GR samples (previously mapped as part of the Mangachuehu Member) suggest that this lava was
emplaced during the last 15 kyr, which is inconsistent with it being part of the Mangawhero Formation. However, its
geochemistry differentiates this outcrop from the rest of the Whakapapa lavas (Conway et al., 2016), thus it is likely to

be part of a new member within the Whakapapa Formation.

— The results we obtained for flows from the Turoa Member indicate that lava was emplaced on Ruapehu’s western flanks
at ca 15—12 ka (Turoa Cascades and Central Turoa-a flows, as well as data from Conway et al., 2016) and, after a hiatus
of ~4 kyr, again at around 8 ka (Mangaturuturu North and Central Turoa-b flows). Thus, we suggest the extension of the
younger limit of the Turoa Member to 8 ka. Similarly, the obtained eruption ages redefine the age limits of the Rangataua
Member (17-12 ka), Saddle Cone Member (12-8.5 ka), Taranaki Falls flow (16—13 ka) and Mangatoetoenui flows (12-9
ka).

5.3 Postglacial effusive activity of Ruapehu

Our *He,,, based eruption ages allow two periods of enhanced effusive activity since the LGM to be identified on Ruapehu
(17-12 ka, Figure 6a and b; and 9-7.5 ka, Figure 6e), during which lava emplacement on different areas of the volcano occurred
nearly simultaneously.

Our results show that, during the last glacial termination (ca 17-14 ka; Figure 6a), effusive activity affected the southern
(Rangataua medial and, likely, the immense distal Rangataua flows of >1.5 km?) and northern (Taranaki Falls flow) slopes
of Ruapehu, suggesting that its southern and northern vents were active during this period. Radiometric dates published by
Conway et al. (2016, see Table 1) suggest that, during this period, lava flows were also emplaced on Ruapehu’s western (15.1
=+ 2.4 ka, Turoa Member) and northwestern (14.8 £ 3.0 ka, Paretetaitonga Member) flanks. This period of generalized activity
across Ruapehu continued until ca 12 ka (Figure 6b), with increasing intensity on the western flanks and decreasing intensity

on the southern flanks. Eruption ages of the Whakapapaiti (13.3 £+ 0.7 ka), Turoa Cascades (13.4 + 0.7 ka) and Rangataua
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Figure 6. Lava flows emplaced at Ruapehu through time after the LGM. Collapse scars corresponds to flank collapse episodes at (d) 10.4—
10.6 cal ka BP (Palmer and Neall, 1989; Eaves et al., 2015, Murimotu debris avalanche) and at (f) ca 4.6 ka, (Mangaio Formation, Donoghue,

1991; Donoghue and Neall, 2001). Lava flows with dotted boundaries in (a) and (e) have not been dated; their ages have been assigned based
on geochemical and geomorphological similarities with dated flows.
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proximal (13.6 £ 0.6 ka) flows are nearly identical, indicating that lava emplacement occurred nearly simultaneously on
different flanks of the volcanic edifice. In the early Holocene (i.e. 12-10.5 ka, Figure 6¢), activity was focused on the east
and northeast of the volcano, generating the first lavas of the Mangatoetoenui flows, as well as lavas emerging from satellite
vents (Waihohonu Plateau flow). After a flank collapse that affected part of the northern edifice at ca 10.5 ka (Eaves et al.,
2015), lava flows continued to be emplaced on the eastern flanks from the northern vent and erupting from satellite vents on
the northeast in short time lapses (<2 kyr), generating the large Saddle Cone flow (Figure 6d). The rate of lava production (i.e.
amount of individual lava flows produced) between 9 and 7.5 ka (Figure 6e) was likely to have been the highest in the last 20
kyr at Ruapehu. Our results suggest that, during this time, most of the flows forming the Tawhainui sequence on north Ruapehu
were emplaced from the northern vent, filling a topographic low left by the flank collapse. At a similar time, the last lavas of
the Turoa Member (Mangaturuturu North and, Central Turoa-b flows) were being erupted from the southern vent and flowed to
the west of the edifice. Effusive activity then declined, and after another episode of flank collapse that modified the topography
surrounding the summit southern vent, lava flow emplacement was confined to the current outlet of Ruapehu’s crater lake and
flowed to the east (Whangaehu valley, Figure 6f) at 2400-2050 BP (Greve et al., 2016).

Between ~23 and ~10 ka, Ruapehu produced at least five plinian eruptions (as well as dozens of smaller explosive events)
sourced from its northern vent (Pardo et al., 2012b). In contrast, effusive activity occurred from both the southern and northern
vents until ~8 ka. Lack of high-resolution ages of the pyroclastic deposits, however, hinder our ability to compare precisely
the timing of these events. After this period of enhanced volcanism (finishing at ~10 ka for explosive, Pardo et al., 2012b, and
at ~8 ka for effusive events), activity at Ruapehu decreased significantly in magnitude and was restricted to the southern vent.
However, our data exposes time intervals during the last 17 ka when lavas have been emplaced from both Ruapehu’s summit
vents, challenging the assumption that volcanic hazards should be expected from the southern but not from the northern vent

(e.g., Keys and Green, 2010; Leonard et al., 2021).
5.4 Applicability of cosmogenic *He dating on stratovolcanoes

This study represents the first large-scale application of *He,.s as a dating tool for lava flows at stratovolcanoes. We provide
3He.os-based eruption age constraints for 20 young lava flows at Ruapehu, contributing to a detailed lava flow eruptive history
for Ruapehu during the last 20 kyr (subsection 5.3). Our data has good intra-flow clustering, inter-flow consistency, and good
agreement with previous chronological constraints, demonstrating that robust eruption ages can be obtained for lava flows
using 3He,os not only for basaltic lavas (e.g., Kurz et al., 1990; Licciardi et al., 2007; Foeken et al., 2009; Marchetti et al.,
2014; Medynski et al., 2015), but also for andesitic lavas at stratovolcanoes.

Analyses of our samples yielded low *He,, values (likely influenced by repeated HF leaching steps of the pyroxenes dur-
ing sample preparation, Bromley et al., 2014) and low concentrations of radioactive elements (as expected from samples of
intermediate compositions), which in turn resulted in small non-cosmogenic corrections and, added to analytical errors, small
internal uncertainties of the obtained exposure ages. Like most other 3He,.s-based ages, however, the 3Hecos production rate

uncertainty makes the largest contribution to our errors, imparting an uncertainty of ~10% to all calculated ages, which points

30



630

635

640

645

650

655

out that more high-quality calibration sites are required to reduce these uncertainties and improve the quality of 3He-based
exposure ages (Blard, 2021).

Considering these sources of uncertainties, our data shows that the resolution of *He,.s-based eruption ages can be higher
than “°Ar/*°Ar or K/Ar for young intermediate lavas (see Figure 5). In older lava flows (>20 ka), radiometric methods can
resolve emplacement ages more precisely (e.g., Lanphere, 2000; Harpel et al., 2004; Conway et al., 2016), whereas cosmogenic
exposure ages become less certain due to production rate errors. Consequently, cosmogenic nuclides exposure dating has the
potential to yield better results compared to “’Ar/** Ar or K/Ar when dating post-LGM ka lava flows (e.g., Harpel et al., 2004;
Parmelee et al., 2015; Conway et al., 2016; Alcald-Reygosa et al., 2018), and offers a valid alternative to date older lavas
when no radiometric dating method can be applied (e.g. the site NR from this study, which ages match with higher-precision
40Ar/* Ar dates of geochemically similar lavas). Additionally, young lava flows are more likely to have original lava surfaces
preserved, as they were exposed to erosive and/or depositional processes for a relatively limited time. For the same reason, they
are less likely to have exposed flow interiors needed for “° Ar/3° Ar or K/Ar dating (Calvert and Lanphere, 2006; Fierstein et al.,
2011), which makes *He,,s dating an ideal supplementary technique to radiometric methods when dating young pyroxene- and

olivine-bearing lavas both at basaltic volcanic areas and andesitic stratovolcanoes.

6 Conclusions

We analysed pyroxene- and olivine-hosted 3He in 77 samples from 23 lava flows on Ruapehu volcano, Aotearoa New
Zealand, and obtained 16 eruption ages (between 7.8 £ 0.6 and 42.9 £ 1.7 ka; analytical 20) and seven minimum eruption
ages, refining the chronology of lava flow emplacement at Ruapehu in the last 20 kyr.

Our data expose that weak “°Ar/*° Ar isochrons led to unreliable eruption ages for two postglacial lavas at Ruapehu, and
stress the necessity of robust age constraints when using paleomagnetism as an age-refining tool.

Our results show effusive activity at Ruapehu occurred from different vents during the last 17 kyr, affecting various sectors
of the volcanic edifice over short time intervals. Based on our observations, we propose that the number of effusive eruptions
during the last 20 kyr peaked at 17-12 and 9-7.5 ka. This represents a significant contribution to the hazard database of
Aotearoa New Zealand, and valuable data for investigating temporal links of volcanic activity in the Taupo Volcanic Zone.

Cosmogenic nuclides exposure dating can provide greater detail on the recent effusive chronology of statovolcanoes, filling

the gap left by the low resolution and challenges in acquiring adequate samples for radiometric dating of young lava flows.

Data availability. All used data is available in the supplementary file S4 and appendix table A2.
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Abbreviation Lava Flow Name Area

BR Bruce Road North
CTa Central Turoa-a West
CTb Central Turoa-b West

DC Delta Corner North
GR Girdlestone Ridge South

LC Lava Cascade East

MA Makahikatoa Southeast
MF Makotuku Flat West

MN Mangaturuturu North West

MS Mangaturuturu South West

NR Nga Rimutamaka South

PR Pinnacle Ridge North
RTm Rangataua medial South
RTp Rangataua proximal South

SC Saddle Cone Northeast
SCw Saddle Cone - western lobe ~ Northeast
SCe Saddle Cone - eastern lobe ~ Northeast
TC Turoa Cascades West

TFa Taranaki Falls North
TFt Tukino Flats East

TSa Tukino Slopes-a East

TSb Tukino Slopes-b East

WG Whakapapa Glacier North
WP Waihohonu Plateau Northeast
WT Whakapapaiti Northwest

Table A1. Abbreviations list, used for sampling sites and samples.
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Table A2. Normalized major and trace elements of bulk rock and analysed minerals for each sampled lava flow.

Bulk rock

Site
DC
BR
WG
LC
TSa
TSb
TFt
TFa
Ne
WP
PR
RTp
RTm
WT
MN
MS
CTa
CTb
TC
MF
NR
MA
GR
Minerals
DC
BR
WG
LC
TSa
TSb
TFt
TFa
sC
WP
PR
RTp
RTm
WT
MN
MS
CTa
CTb
TC
MF
NR
MA
GR

normalized wt.% ppm

Si0y Al O3 Fey 03 MnO MgO Ca0 Na, 0 K,0 TiOy P05 Lot Maijor Li B Cr Co Ni Gd Sm U Th

57.01 15.88 8.23 0.13 537 742 3.14 1.40 0.68 0.18 0.56 99.26 17.9 20.0 85.19 26.68 45.59 2.69 2.75 1.08 4.04
55.80 16.49 7.69 0.12 4.74 6.38 3.11 1.55 0.68 0.14 331 100.23 20.4 22.8 101.82 23.64 40.78 2.79 2.83 1.30 4.91

54.87 16.02 9.25 0.13 5.34 6.59 2.92 1.41 0.72 0.14 2.62 99.46 17.6 20.1 91.32 26.95 45.80 2.75 2.75 113 4.36
52.61 18.94 8.79 0.13 421 5.18 2.65 1.52 0.78 0.15 5.04 99.79 19.6 20.5 64.56 21.82 20.55 2.87 2.84 1.46 522
53.97 17.20 8.91 0.13 4.36 6.51 2.81 1.41 0.79 0.16 3.76 99.52 16.3 19.6 45.17 22.39 14.11 2.79 2.81 1.19 4.79
52.75 18.33 8.68 0.13 4.62 5.87 2.64 1.42 0.77 0.14 4.65 100.47 19.0 20.0 85.21 24.29 24.85 2.79 2.76 1.42 5.03
55.98 17.28 8.40 0.13 4.26 6.59 2.94 1.42 0.75 0.13 2.11 100.05 17.2 212 56.97 21.95 18.92 2.61 2.57 1.23 4.61

57.17 16.80 7.81 0.12 4.09 6.88 3.15 1.52 0.72 0.13 1.61 100.25 16.8 223 60.99 20.34 19.91 291 2.96 1.34 5.09
56.76 16.48 7.88 0.12 4.64 7.02 3.07 1.52 0.72 0.15 1.63 99.87 213 21.7 86.23 23.75 31.36 2.77 2.81 1.32 4.92
55.42 16.60 8.13 0.12 4.87 6.58 2.77 1.31 0.70 0.13 3.37 100.04 18.8 20.3 95.47 24.80 36.95 2.72 2.60 118 4.49
58.59 16.12 6.78 0.10 442 5.69 3.04 1.79 0.65 0.14 2.68 100.29 225 21.9 183.67 20.39 53.61 2.57 250 145 5.50
56.56 17.39 7.60 0.12 337 535 3.15 1.74 0.75 0.15 3.84 99.83 19.2 239 36.93 16.88 12.67 3.00 3.11 1.49 591

56.64 16.82 7.67 0.12 3.5 572 1.69 0.75 0.21 3.67 99.53 18.6 234 40.90 17.75 13.20 3.15 3.17 1.53 6.03
55.32 17.34 8.29 0.12 4.19 579 1.52 0.76 0.14 3.69 100.24 203 20.9 5745 20.84 18.59 2.76 2.80 1.32 5.40
53.66 17.72 8.07 0.12 5.01 6.09 1.47 0.66 0.13 4.14 100.44 19.2 22.5 93.87 25.17 47.08 242 2.41 1.34 4.86
55.58 15.71 9.54 0.13 4.51 6.18 1.49 0.84 0.13 3.01 100.20 13.8 19.2 54.80 23.51 17.53 245 245 0.94 4.99
56.67 16.49 8.12 0.12 4.36 6.49 1.50 0.72 0.15 2.37 99.64 20.2 21.8 88.79 22.15 29.15 2.75 2.80 1.35 5.02
56.01 16.78 8.32 0.12 4.60 7.12 139 0.74 0.13 1.77 99.29 19.3 20.8 89.86 23.46 27.88 2.72 2.75 1.20 451

56.18 16.49 8.44 0.13 4.60 7.03 1.48 0.78 0.14 1.66 99.90 17.3 20.0 71.52 2248 18.63 2.96 295 1.22 471

58.67 16.98 6.52 0.093 2.96 591 1.87 0.84 0.16 2.50 100.13 26.8 27.3 49.22 16.60 18.75 2.96 3.13 1.63 6.12
57.92 14.71 6.81 0.11 6.24 5.96 1.85 0.73 0.19 2.53 99.77 29.7 23.4 308.14 25.08 109.34 3.14 3.25 1.74 6.50
58.73 17.28 6.77 0.10 3.09 5.26 1.55 0.68 0.13 3.12 99.82 21.0 24.4 34.02 17.42 14.05 2.77 2.85 1.31 5.00
55.76 15.21 7.40 0.12 6.09 6.77 1.35 0.66 0.14 3.71 100.13 204 20.7 215.77 26.79 73.65 2.71 2.78 114 4.50
52.11 1.58 20.53 0.41 22.11 4.08 0.09 <DL 0.31 <DL -1.20 99.63 <2 10.7 285.89 98.63 187.40 1.07 0.78 0.01 0.040
51.76 1.97 18.03 0.36 19.70 8.31 0.20 0.04 0.39 <DL -0.76 99.55 <2 8.59 398.47 85.29 172.81 2.37 1.97 0.04 0.144
5171 1.61 20.15 0.39 21.71 476 0.10 <DL 0.34 <DL -0.77 99.85 <2 128 371.23 92.22 182.44 1.38 1.08 0.01 0.048
51.54 1.59 20.41 0.43 20.50 5.74 0.12 <DL 0.39 <DL -0.71 99.32 <2 10.7 337.72 85.76 129.55 1.97 1.60 0.02 0.056
49.38 1.51 24.99 0.44 21.19 2.14 0.05 <DL 0.86 <DL -0.57 99.83 <2 7.35 404.65 98.37 143.62 0.65 0.44 0.02 0.052
51.60 1.52 21.23 0.45 21.34 4.16 0.08 <DL 0.37 <DL -0.76 100.32 <2 10.9 277.49 88.05 117.96 1.39 1.08 0.01 0.050
51.18 1.53 21.60 045 20.94 4.64 0.09 <DL 0.49 <DL -0.90 99.54 <2 16.7 279.53 88.18 120.06 1.59 1.27 0.01 0.047
51.27 1.51 20.55 0.42 20.94 5.09 0.10 <DL 0.40 <DL -0.28 99.10 <2 11.0 367.38 85.09 130.22 1.65 1.35 0.02 0.062
51.41 1.91 19.70 0.39 19.54 7.18 0.18 0.04 0.42 <DL -0.78 100.00 <2 9.17 394.61 80.89 127.03 2.56 2.07 0.05 0.185
52.19 2.37 1691 033 19.95 8.16 0.28 0.10 0.38 <DL -0.67 99.86 <2 10.2 645.87 77.50 164.79 221 1.80 0.10 0.358
51.05 2.01 20.06 0.39 20.02 631 0.13 <DL 0.41 <DL -0.39 99.57 <2 31.0 632.12 83.14 163.52 1.94 1.54 0.03 0.141
51.08 1.50 22.65 0.43 21.53 3.04 0.07 <DL 0.49 <DL -0.80 100.29 <2 5.71 405.44 91.30 153.24 1.06 0.80 0.01 0.049
51.38 1.46 23.10 0.44 2171 291 0.06 <DL 0.47 <DL -1.53 99.84 <2 7.48 321.50 91.05 135.00 1.07 0.82 0.01 0.045
47.28 1.59 26.88 043 20.27 2.90 0.06 <DL 141 <DL -0.82 99.76 <2 10.7 465.85 96.87 142.07 0.89 0.68 0.03 0.069
52.02 1.51 21.69 043 22.68 247 0.06 <DL 0.31 <DL -1.18 99.37 <2 134 269.95 102.76 196.34 0.66 0.46 0.01 0.040
51.76 1.62 20.40 0.42 21.30 5.00 0.10 <DL 0.38 <DL -0.97 99.36 <2 23.6 37434 88.31 122.86 1.52 1.20 0.01 0.046
5145 1.64 20.05 041 20.42 5.92 0.13 <DL 0.38 <DL -0.40 99.89 <2 9.23 409.65 84.51 143.50 2.11 1.72 0.03 0.098
51.08 1.63 20.86 0.41 2043 5.87 0.12 <DL 0.62 <DL -1.03 99.35 <2 10.8 410.51 84.63 144.39 2.03 1.67 0.02 0.065
51.56 1.62 20.37 0.41 21.10 5.02 0.10 <DL 0.35 <DL -0.53 100.21 <2 8.01 391.62 88.11 124.68 1.51 119 0.01 0.046
50.94 1.66 22.07 0.39 21.93 3.35 0.07 <DL 0.82 <DL -1.22 99.65 <2 13.6 475.60 95.40 181.14 0.94 0.73 0.02 0.058
52.64 1.95 16.10 0.28 22.62 6.82 0.15 <DL 0.35 <DL -0.90 99.71 <2 1.7 1184.21 83.92 352.04 1.56 1.27 0.02 0.042
49.70 2.03 2277 0.39 21.09 3.88 0.08 <DL 0.89 <DL -0.83 99.44 <2 17.7 33248 92.02 106.83 0.88 0.64 0.02 0.081
54.07 1.52 13.92 0.27 2748 2.89 0.05 <DL 0.19 <DL -0.39 99.30 <5 6.22 1649.09 87.13 360.96 0.36 0.26 <DL 0.022

Detection limits (DL) are 0.03 wt.% for K,O; 0.10 wt.% for P,Os; 2 ppm for B; and 0.01 ppm for U.
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Table A3: Sample data used to compute exposure ages.

Sample Latitude (S) Longitude Elevation Surface dip Dip Shielding Density Thickness Phnue (102 Closure age Hepyc (at) P3 (at/g/yr) Py (105 R factor
(E) (MSL) ©) direction (°) factor (g/cms) (cm) at/g/yr) (Ma) at/g/yr)

SC-PD001 39.2143 175.6011 1439.0 - - 0.998 1.89 3.6 406 0.010 406 231.22 313 0.9932
SC-PD002 39.2143 175.6010 1439.3 - - 0.998 2.01 32 245.83 0.9932
SC-PD003 39.2146 175.5997 14433 - - 0.998 2.01 24 245.86 0.9932
WP-PD007 39.2479 175.5882 1911.7 10 190 0.996 213 33 414 0.010 415 487.90 6.08 0.9906

WP 008 39.2479 175.5882 1912.1 18 30 0.995 2.06 3.0 487.90 0.9906
BR-PDO14 39.2201 175.5406 1360.0 - - 0.999 215 2.7 565 0.010 565 317.93 0.75 0.9982
BR-PDO16 39.2198 175.5379 1359.2 28 55 0.981 232 2.6 320.37 0.9982
BR-PDO17 39.2190 175.5409 1332.6 - - 0.998 225 2.7 313.04 0.9982
BR-PDO18 39.2190 175.5411 1332.4 - - 0.998 215 4.3 317.93 0.9982
GR-PD022 39.3072 1755613 2148.0 - - 0.996 215 2.7 254 0.020 508 589.39 0.44 0.9994
GR-PD023 39.3072 175.5615 2147.2 45 180 0.921 224 4.5 584.50 0.9994
GR-PD024 39.3074 175.5616 2145.4 - - 0.990 2.18 4.6 574.72 0.9994
GR-PD025 39.3078 175.5615 2128.1 - - 0.993 2.80 4.7 539.25 0.9994
RT-PD027 39.3140 175.5509 1831.4 - - 0.997 1.84% 55 296 0.015 444 468.33 0.74 0.9988
RT-PD028 39.3140 175.5509 1833.1 - - 0.996 1.79 53 467.11 0.9988

RT 029 39.3140 175.5509 1832.9 - - 0.996 1.84% 53 469.56 0.9988
RT-PD030 39.3143 175.5512 1816.4 20 230 0.988 1.89 5.1 465.89 0.9988
RT-PD045 39.3234 175.5520 1585.9 20 80 0.991 2.80 4.2 401 0.015 601 399.86 0.75 0.9986
RT-PD046 39.3249 175.5508 1567.6 29 145 0.979 2.07 3.6 393.74 0.9986
RT-PD047 39.3251 175.5503 1567.4 - - 0.997 227 3.0 392.52 0.9986
RT-PD048 39.3250 175.5503 1567.3 - - 0.997 2.19 34 374.18 0.9985
NR-PD053 39.3381 175.5873 1369.8 15 3 0.996 2.39 4.8 654 0.045 2944 359.50 1.01 0.9979
NR-PD054 39.3384 175.5880 1372.9 - - 1.000 2.06 4.2 360.73 0.9979
NR-PD055 39.3384 175.5879 1372.5 - - 0.999 2.15 32 358.28 0.9979
NR-PD057 39.3384 175.5880 1372.6 - - 0.995 247 35 359.50 0.9979
MA-PD058 39.3125 175.6116 1570.7 14 190 0.996 245 29 818 0.050 4089 414.53 1.29 0.9977
MA-PD059 393125 175.6116 1569.3 - - 0.998 221 320 408.42 0.9976
MF-PD061 39.3169 1755143 1437.0 - - 0.971 215 3.0 729 0.013 948 353.39 114 0.9975
MF-PD063 39.3168 175.5146 1434.8 - - 0.991 1.81 38 348.50 0.9975
MEF-PD064 39.3167 175.5146 1433.8 - - 0.987 1.95 3.6 349.72 0.9975
MEF-PD065 393167 175.5147 14333 11 180 0.988 1.80 2.6 350.94 0.9975
TC-PD066 39.3014 1755193 1533.2 - - 0.997 217 6.2 292 0.013 380 375.40 759 0.9985
TC-PD067 39.3015 175.5192 1533.6 - - 0.997 211 4.5 379.07 0.9985
TC-PD068 39.3015 175.5192 1533.1 - - 0.997 2.15 7.4 377.85 0.9985
TC-PD070 39.3012 175.5193 1528.0 - - 0.997 1.99 43 376.62 0.9985
WT-PD073 39.2569 175.5428 1892.4 20 260 0.987 2.09 35 493 0.013 641 468.33 0.77 0.9984
WT-PD074 39.2569 175.5428 1892.1 - - 0.988 222 38 471.99 0.9984
WT-PD075 39.2560 175.5397 1891.2 - - 0.997 2.18 33 471.99 0.9984
PR-PD083 39.2370 175.5672 1730.7 16 310 0.979 228 35 1557 0.020 3115 453.66 2.11 0.9965
PR-PD084 39.2386 175.5689 1860.9 24 180 0.988 2.18 4.7 492.79 0.9968
PR-PD085 39.2385 175.5688 1857.9 16 330 0.997 2.12 43 497.68 0.9968
TFa-PD088 39.2067 175.5668 1308.2 - - 0.999 239 38 513 0.015 769 321.60 117 0.9973
TFa-PD090 39.2060 175.5665 1290.4 16 90 0.996 231 5.0 316.71 0.9972
TFa-PD091 39.2059 175.5664 1288.2 - - 0.999 2.23 4.2 317.93 0.9972
SC-PD093 39.2115 175.6139 1308.2 17 40 0.993 230 2.6 537 0.010 537 313.04 3.71 0.9911
TSa-PD205 39.2761 175.6021 1905.0 - - 0.983 2.12 5.6 305 0.010 305 476.89 1.05 0.9983
TSa-PD206 39.2761 175.6021 1905.9 - - 0.997 221 4.8 480.56 0.9984
TSa-PD207 39.2761 175.6021 1905.5 - - 0.997 237 4.2 481.78 0.9984



Table A3: Continued.

S€

Sample Latitude (S) Longitude Elevation Surface dip Dip Shielding Density Thickness Phuc (102 Closure age Hepyc (at) P3 (at/g/yr) Py (10S R factor
(E) (MSL) ©) direction (°) factor (glcm3) (cm) at/g/yr) (Ma) at/g/yr)
TSb-PD209 39.2815 175.5993 1932.5 - - 0.997 2.20% 2.4 506 0.010 506 494.01 0.75 0.9989
TSb-PD210 39.2815 175.5992 1935.0 17 90 0.989 2.14 29 500.13 0.9988
TSb-PD211 39.2816 175.5993 1929.2 20 110 0.993 226 37 497.68 0.9988
TFt-PD212 39.2726 175.6261 1521.2 - - 0.994 2.07 59 703 0.010 703 359.50 0.76 0.9984
TFt-PD213 39.2726 175.6263 1522.0 10 40 0.998 2.14 6.5 369.29 0.9985
TFt-PD214 39.2723 175.6271 1506.4 - - 0.988 223 6.5 353.39 0.9984
MN-PD217 39.2829 175.5322 1815.9 - - 0.993 2.11 2.6 623 0.008 498 446.32 0.65 0.9989
MN-PD218 39.2829 175.5321 1813.9 13 220 0.993 224 52 448.77 0.9989
MN-PD219 39.2829 175.5321 1812.1 - - 0.993 222 4.0 425.53 0.9988
MN-PD220 39.2829 175.5322 1817.5 - - 0.993 2.06 32 449.99 0.9989
MN-PD221 39.2829 175.5325 1822.8 - - 0.993 220 4.0 446.32 0.9989
MS-PD222 39.2845 175.5304 1750.6 36 170 0.955 223 5.0 901 0.010 901 414.53 0.76 0.9986
MS-PD223 39.2845 175.5305 1751.4 - - 0.992 241 4.0 412.08 0.9986
MS-PD224 39.2845 175.53005 1750.9 - - 0.992 2.33 4.1 401.08 0.9986
CTa-PD229 39.2958 175.5395 1924.0 7 300 0.996 1.96 32 415 0.015 623 498.90 1.81 0.9972
CTa-PD230 39.2959 175.5396 1925.1 - - 0.996 221 29 500.13 0.9973
CTb-PD231 39.2998 175.5392 1877.5 - - 0.996 222 3.4 439 0.008 351 432.87 1.26 0.9978
CTb-PD232 39.3001 175.5390 1873.2 20 190 0.991 2.14 4.1 467.11 0.9979
CTb-PD233 39.3001 175.5390 1872.0 15 240 0.994 2.17* 2.8 465.89 0.9979
CTb-PD234 39.3003 175.5391 1873.4 - - 0.996 215 32 467.11 0.9979
LC-PD254 39.2718 175.6052 1827.1 - - 0.997 2.01 54 506 0.010 506 462.22 118 0.9981
LC-PD255 39.2718 175.6053 1826.6 - - 0.997 2.07 6.4 461.00 0.9981
LC-PD256 39.2718 175.6053 1825.6 - - 0.996 2.08 6.0 452.44 0.9980
LC-PD257 39.2718 175.6053 1824.7 16 330 0.996 2.05 37 462.22 0.9981
WG-PD325 39.2557 175.5551 2079.1 21 357 0.991 225 4.0 329 0.008 264 536.81 245 0.9966
WG-PD326 39.2556 175.5549 2066.7 - - 0.995 230 32 52091 0.9965
DC-PD327 39.2346 175.5515 1600.4 - - 0.999 222 35 401 0.008 321 379.07 0.67 0.9987
DC-PD329 39.2342 175.5509 1591.8 - - 0.999 237 4.3 380.29 0.9987
DC-PD330 39.2341 175.5507 1590.3 - - 0.999 221 3.4 377.85 0.9987

Density measures were obtained with the hydrostatic method. Density values marked with * were calculated by averaging densities of other samples from the same site. Pp,c, Closure age,

Henyc, and P4 values are considered equal for all samples of the same flow.
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