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Accurate dating of young (<1 Ma) volcanic eruptions has long been a challenge for modern geochro-
nology given the scarcity of datable mineral phases and low quantities of radiogenic daughter products.
Combined U-Th—Pb and (U—Th)/He dating of zircon (i.e., zircon double-dating, ZDD) is a relatively new
dating approach that offers a viable option for dating zircon-bearing volcanic and pyroclastic deposits as
young as ca. 3 ka, and has a great potential for application in many fields within the Quaternary sciences,
including volcanology, palaeoclimatology, and archaeology. In our study, a stratigraphically and spatially
well-defined sequence of 13 rhyodacitic to rhyolitic tephra beds — the Mangaone Subgroup (MSg) —
erupted from the Okataina Volcanic Centre (OVC), is used as a natural laboratory to conduct a cross-
validation experiment in which the ZDD eruption ages are compared with published and new radio-
carbon ('4C) eruption ages. These ZDD and 'C ages are then used together to underpin a Bayesian age
model developed (using ChronoModel) to provide new ages for the entire MSg sequence. New ZDD
eruption ages of 36.1 + 4.4, 31.5 + 5.2, 30.9 + 5.6, 31.2 + 4.4 ka BP for four MSg tephras (Units D, [, ], and K,
respectively) are statistically indistinguishable from C-based eruption ages. These results validate the
feasibility of ZDD to date late Quaternary eruptions accurately. The Bayesian age sequence model pro-
vides provides an eruptive geochronology eruptive geochronology for all 13 MSg tephra beds for the first
time (and for the stratigraphically-interbedded Taupo-volcano-derived Tahuna tephra, 38.4f}:2 ka BP),
and constrains the beginning of the MSg eruption period to 42.73:5 ka BP (Unit A) and the end to

30.6f?:g ka BP (Unit L). Thus, the entire MSg sequence was emplaced in ~12,100 years, representing an
eruption frequency of one event per ~930 years on average. Our study demonstrates the efficacy of ZDD
to yield accurate eruption ages on pyroclastic deposits, highlighting its potential for dating young
(<1 Ma) magmatic and eruption events that are difficult to date by other geochronological methods, and
also shows that ZDD dates can be integrated with C ages using Bayesian modelling to develop new age
models for long sequences of tephra beds, in this case those of the MSg tephras that were deposited
during MIS 3. In addition, the U—-Th zircon crystallization data revealed distinct U-Th model age spectra
for older and younger MSg tephras, providing geochronological evidence for a decreasing degree of
interconnectedness within the OVC magma reservoir during the MSg eruption period that followed
caldera collapse associated with the pre-MSg Rotoiti (Rotoehu) eruption at ca. 45 ka BP.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Accurate dating of young (<1 Ma) geological materials is of
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arguably presents one of the major technical challenges for modern
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geochronology. Young volcanic eruptions are chiefly dated by high-
precision techniques such as radiocarbon (*C) and “°Ar/*°Ar on
sanidine (e.g., Mark et al., 2017; Hogg et al.,, 2019). Combined
U—-Th—Pb and (U—Th)/He dating of zircon (a.k.a. zircon double-
dating or ZDD; Danisik et al., 2017a), with an applicability range
from 1 Ma to ~3 ka (Schmitt et al.,, 2012; Danisik et al., 2017a;
Kirkland et al., 2020), is a relatively new dating method (Schmitt
et al., 2006, 2010b) that offers a viable option.

ZDD principles and analytical procedures have been summa-
rized in detail by Danisik et al. (2017a). In brief, ZDD is based on
‘dependent’ determination of two distinct ages on a single zircon
crystal: crystallization ages are first determined via U-Pb or U-Th
disequilibrium geochronology; these ages are robust crystallization
ages even under magmatic conditions (Cherniak and Watson,
2001). To preserve crystal volume, high spatial resolution
methods with low material consumption are used, such as sec-
ondary ionisation mass spectrometry (SIMS) (Fig. 1) (Schmitt et al.,
2006; Schmitt, 2007, 2011) or laser ablation inductively coupled
plasma mass-spectrometry (LA-ICPMS) (Ito and Danisik, 2020).
Cooling ages of U-Th—Pb dated crystals are then determined via
(U—Th)/He thermochronometry (T < 300 °C; Reiners et al., 2004).
For crystals with a cooling age <1 Ma, (U—Th)/He data may require
correction for disequilibrium in the U and Th decay chains (Farley
et al, 2002). The magnitude of the disequilibrium correction de-
pends on pre-eruptive residence time and is determined on a
crystal-by-crystal basis from the crystallization and cooling age
pairs (Schmitt et al., 2010b). Finally, disequilibrium-corrected
(U-Th)/He ages, which are typically determined on replicate
crystals per sample, are used to calculate a representative mean
value for the population, interpreted as the eruption age (hereafter
referred to as ZDD eruption age).

Precision on ZDD eruption ages is typically 5—12% at the 2c
level, which is relatively low compared to high-precision “C or

sanidine “°Ar/3°Ar data, commonly reported with 2¢ uncertainties
of <2%. Nevertheless, the ZDD has tremendous potential for Qua-
ternary geochronology as it covers the critical 1 Ma to ca. 50 ka time
window, which is beyond the reach of the *C method (<50 ka
under most circumstances; Hogg et al., 2007) and difficult to access
using other techniques. In fact, ZDD may often be the only tool
applicable to dating intermediate to silicic calc-alkaline volcanic
rocks or pyroclastic deposits typical of subduction zones. These
materials have been notoriously challenging to date using the K—Ar
and “°Ar/3°Ar methods due to their low potassium content and the
frequent absence of K-rich phases, but they commonly contain
zircon. Indeed, during the past five years, ZDD has been increas-
ingly applied in tephrostratigraphy, volcanic and magmatic
geochronology, and occasionally even in archaeology and paleo-
anthropology (e.g., Coble et al., 2017; Mucek et al., 2017; Molnar
et al., 2018; Burgess et al., 2019; Ulusoy et al., 2019; Sisson et al.,
2019; Gengalioglu-Kuscu et al., 2020).

Several studies report demonstrably accurate ZDD eruption
ages, in agreement with independent geochronological constraints
obtained by dating co-genetic mineral phases or bracketing units
(e.g., Schmitt et al., 2010a, b; Danisik et al., 2012; Harangi et al.,
2015; Ito and Danisik, 2020). Moreover, ZDD has a unique built-in
consistency check because the eruption age has to postdate the
zircon crystallization age. However, as with any geochronological
method, maintaining a level of scepticism about reliability of the
age relevance of ZDD results is warranted, in particular when ZDD
ages are not entirely concordant with long accepted ages derived
using more established methods (e.g., Wilson and Rowland, 2016;
Hopkins et al., 2017; Chesner et al., 2020). U-=Th—Pb and (U-Th)/He
dating procedures are usually vetted against secondary reference
materials (e.g., AS3 and 91500 zircons for U-Th—Pb and Fish
Canyon zircon for (U-Th)/He); however, a suitable reference ma-
terial that can be used to monitor the accuracy of the coupled ZDD

Fig. 1. Secondary electron images of two zircon crystals (top panels — planar view; bottom panels — perspective view) after SIMS analysis showing the minimal material con-
sumption of CAMECA ims 1280-HR required for U-Th analysis. Sputtered elliptical craters are 40 x 25 um in length and width, respectively, and 4 um deep, and so the majority of

the crystal remains intact for subsequent (U-Th)/He analysis.
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approach has not yet been developed. Ideally, this standard would
be a well characterized, widely available zircon with an accurately
and precisely known crystallization and eruption age of <350 ka
(for the U-Th + (U—Th)/He dating combination) or <1 Ma (for the
U—Pb + (U—-Th)/He) dating combination). Secondly, verification of
ZDD eruption ages against independent constraints is only rarely
possible in nature due to the scarcity of truly co-genetic minerals or
other materials in volcanic deposits that are datable by indepen-
dent geochronological methods. Lastly, with the exception of
studies by Schmitt et al. (2012) and Danisik et al. (2012), the ac-
curacy of ZDD has not been rigorously tested. Therefore, there is a
need for further cross-validation studies that compare ZDD results
with independent dating techniques.

This work describes such a cross-validation experiment in
which we target a stratigraphically and spatially well-defined
sequence of Mangaone Subgroup tephras from New Zealand’s
North Island (Vucetich and Pullar, 1969; Howorth, 1975). The
Mangaone Subgroup (MSg) tephra beds represent the products of
13 primarily rhyolitic eruption episodes at the Okataina Volcanic
Centre (OVC), within the central Taupo Volcanic Zone (Fig. 2), that
occurred between about 50 and 25 ka (Jurado-Chichay and Walker,
2000, 2001a; Smith et al., 2002, 2005). This period is entirely
within Marine Isotope Stage 3 (e.g., Wright et al., 1995; Wilson
et al.,, 2007; Siddall et al., 2008). Some of the MSg tephras have
been extensively dated by C methods (34 published dates since
1969) and so the general timeframe of their eruptive history is now
established (Froggatt and Lowe, 1990; Jurado-Chichay and Walker,
2000; Shane et al., 2006; Molloy et al., 2009). However, around half
of the 13 beds in the sequence have never been dated directly. The
tephras are silicic in composition (see Section 2) and some contain
zircon (Charlier and Wilson, 2010). They are well exposed, region-
ally widespread (including in marine cores), and their stratigraphic
framework has been established in detail (Howorth, 1975; Jurado-
Chichay and Walker, 2000; Nairn, 2002; Smith et al., 2002; Shane
et al., 2006; Wilson et al.,, 2009). Cumulatively, these attributes
make the MSg an excellent natural laboratory in which to test the
accuracy of ZDD against eruption ages derived from the C method.

Accordingly, we report here ZDD eruption ages for some MSg
tephras, complemented with new #C ages. Our results

demonstrate the capability of the ZDD approach to yield accurate
eruption ages. In addition to the new geochronological data, we
present a new Bayesian age sequence model combining both the
ZDD and 'C data with stratigraphic constraints, and reconstruct an
eruptive chronology for the entire Mangaone Subgroup, the first
time such a modelling approach has been used for the sequence. In
doing so, we provide new modelled ages for the beginning (Unit A)
and end (Unit L) of the MSg tephra sequence. Finally, we assess the
implications of new ZDD data for OVC magmatic dynamics.

2. Mangaone Subgroup
2.1. Volcanologic and compositional context

The Mangaone Subgroup (MSg) is a sequence of 13 silicic plinian
and phreatoplinian pyroclastic deposits (tephras) that originated
from the OVC (which lies in the northeast part of the central Taupo
Volcanic Zone) (Jurado-Chichay and Walker, 2000; Smith et al.,
2002). The MSg beds are stratigraphically bracketed by (i) de-
posits of the underlying Rotoiti Tephra Formation (which formally
comprises three members: Matahi Scoria, from basaltic fallout; the
non-welded Rotoiti Ignimbrite, from rhyolitic pyroclastic flows
(density currents); and the Rotoehu Ash, from rhyolitic fallout:
Froggatt and Lowe, 1990) (45.2 + 3.3 ka (20); Danisik et al., 2012);
and (ii) the overlying Kawakawa/Oruanui tephra (25.4 + 0.2 cal ka
(20); Vandergoes et al., 2013). The two voluminous and widespread
rhyolitic members of the Rotoiti Tephra are correlatives and are of
the same age (Nairn, 1972), hence are used interchangeably in this
paper as appropriate. (The Matahi Scoria is a minor component and
not present in the sampling area and hence is not considered
further.)

The MSg volcanic episode represents a period of intra-caldera
modification in the OVC, which followed the caldera-forming
Rotoiti eruption (ca. 45 ka) and preceded a period of caldera
infilling and dome-building starting at ca. 21 ka (Nairn, 1989; Cole
et al., 2010, 2014). Eruptions were typically relatively small- to
medium-sized (non-consolidated volumes: 0.4—19.9 km>; mini-
mum total bulk volume: 80.7 km?; Table 1), short-lived (<12 h), and
closely spaced plinian-type, resulting in extensive pumice-rich
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Fig. 2. Distribution of the most widespread MSg tephras in the North Island of New Zealand (modified after Jurado-Chichay and Walker, 2000). OVC — Okataina Volcanic Centre;
TVZ — Taupo Volcanic Zone, simplified boundary after Wilson et al. (2009). Inset: Location map, New Zealand.
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Table 1
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Summary of stratigraphy, nomenclature and volume for MSg tephras.*”

Howorth Jurado-Chichay Smith et al. Smith et al. Wilson et al. This study Volume
(1975) anfz\é\g;(er (2002) (2005) (2009) (km?)?
Unit L Unit L Unit L Unit L (Okataina) Unit L 8.1
Omataroa
Unit K Omataroa %" Omataroa Unit K (Okataina) Unit K (Omataroa) 16.2
Awakeri UnitJ Awakeri w0 Awakeri Unit J (Okataina) Unit J (Awakeri) 0.77
Mangaone Unit | Mangaone § Mangaone Unit | (Okataina) Unit | (Mangaone) 19.9
Unit H Unit H Unit H Unit H (Okataina) Unit H 0.1
Hauparu Unit G Unit G Unit G Unit G (Okataina) Unit G 2.5
Unit F Hauparu Hauparu Unit F (Okataina) Unit F (Hauparu) 15.2
Te Mahoe Unit E Te Mahoe Te Mahoe Unit E (Okataina) Unit E (Te Mahoe) 0.9
Maketu Unit D Maketu Maketu Unit D (Okataina) Unit D (Maketu) 11
Tahuna® Tahuna® %D 4
Unit C Pongakawa g Pongakawa Unit C2 (Okataina) Unit C2 (Pongakawa) 0.7
Pupuwharau Pupuwharau Unit C1 (Okataina) Unit C1 (Pupuwharau)
Ngamotu Tahuna® Tahuna® Tahuna (Taupo) Tahuna® 4
Unit B Ngamotu Ngamotu Unit B (Okataina) Unit B (Ngamotu) 4.6
Unit A Unit A Unit A Unit A (Okataina) Unit A 0.44

2 Non-consolidated volume after Jurado-Chichay and Walker (2000) for MSg tephras, and after Wilson et al. (2009) for Tahuna tephra.

b Not erupted from Okataina Volcanic Centre (Smith and Shane, 2002).

tephra beds (Jurado-Chichay and Walker, 2000, 2001a, b; Smith
et al., 2005). The MSg tephras are typically separated by paleo-
sols, usually thin, and because of their widespread occurrence, the
tephras provide useful stratigraphic marker horizons for the central
and northern North Island of New Zealand (Pullar et al., 1973; Hogg
and McCraw, 1983; McGlone et al., 1984; Molloy et al., 2009;
Hopkins et al, 2017) and offshore including the Pacific Ocean
(Fig. 2) (Houghton et al., 1992; Pillans and Wright, 1992; Wright
et al., 1995; Shane et al., 2006; Wilson, 2007). Compositions of
MSg tephras range from rhyodacitic to rhyolitic (68—75.5 wt% SiO»;
Smith et al., 2002, 2005) and at least two contain zircon (Charlier
and Wilson, 2010), providing an opportunity to apply ZDD.

2.2. Nomenclature and stratigraphy

Different nomenclatures have been used interchangeably in the
literature to describe the MSg tephra beds, which may be confusing
to readers unfamiliar with New Zealand tephrostratigraphy. We
therefore provide a short review of MSg terminology and strati-
graphy as they are currently understood.

The MSg sequence was first referred to as the ‘Mangaoni Lapilli
Formation’ by Vucetich and Pullar (1969). The authors used the
term to describe a distinct package of shower-bedded pumice lapilli
and blocks-and-ash beds, bracketed by the Rotoehu Ash (below)
and Oruanui Formation (above). Five deposits were recognized
(units a—e) within the formation (Vucetich and Pullar, 1969). The
name of the sequence was changed to ‘Mangaone Subgroup’, as
proposed by Howorth (1981), and later formalized by Froggatt and
Lowe (1990) (the use of ‘Mangaone’ rather than ‘Mangaoni’ by
Howorth in 1975 corrected a spelling error on a topographic map).
The MSg tephra beds were defined as originating from the OVC
(Froggatt and Lowe, 1990). Cole et al. (2010, 2014) employed the
alternative term ‘Mangaone Pyroclastic Subgroup’. A detailed

stratigraphy of the sequence was first constructed by Howorth
(1975), who described eight tephra formations and defined them
using local geographic names that have since been widely accepted.
In ascending stratigraphic order, these formations are Ngamotu,
Tahuna, Maketu, Te Mahoe, Hauparu, Mangaone, Awakeri, and
Omataroa (Table 1). Note that the subgroup’s collective name
(Mangaone) is also used as the name of one of the constituent
tephra formations.

The MSg stratigraphy was later revised by Jurado-Chichay and
Walker (2000) and Smith et al. (2002) who described 12 and 14
tephra deposits, respectively, and named these with letters (Units
A—L; Jurado-Chichay and Walker, 2000) or a combination of letters
and local names (Smith et al., 2002) (Table 1). Smith and Shane
(2002) demonstrated that the Tahuna tephra did not erupt from
the OVC and therefore should not be a member of the Mangaone
Subgroup (although it is present in the MSg sequence at many
sites). Further changes to the nomenclature have been made by
Smith et al. (2005) who subdivided the MSg based on age and
composition into ‘Old MSg' (Units A-G; ~40—35 ka; low-SiO;
rhyodacite) and ‘Young MSg’ (Units H-L; ~35—31.5 ka; high-SiO,
rhyolite) episodes, and by Wilson et al. (2009) who introduced
Units C1 and C2 as a compromise between Unit C sensu Jurado-
Chichay and Walker (2000) and Pupuwharau and Pongakawa
tephras sensu Smith et al. (2002) (Table 1).

The name ‘Kawerau Ignimbrite’ has been applied to the most
voluminous and extensive of the MSg eruptives, Unit I (Mangaone
tephra), the eruption of which may have been accompanied by
partial caldera collapse (Cole et al., 2010, 2014). These authors
indicate that this non-welded ignimbrite is associated geochemi-
cally with the younger of the two MSg magma types noted above
(Smith et al., 2002). The term ‘Kawerau’ has not been widely
adopted, partly because of confusion regarding its age when first
reported, and partly because the ignimbrite had already been



Table 2
Summary of %C data.

Unit/Sample ID Material dated Source® Conventional +10 (yr) Calibrated Calibrated 1c Calibrated 2¢ Models‘ 1, 2 Model‘ 3
14C age 14C age© age range age range
(yr BP)" (cal yr BP) (cal yr BP) (cal yr BP)

Unit L
L1 charcoal 6 26,520 220 30,746 30,585—-30,956 30,291-31,088 X X
Unit K (Omataroa)
01 charcoal 1 27,900 850 32,069 31,110-32,815 30,675—33,890 X X
02 organic mud 2 29,700 1500 33,943 31,912-35,276 31,084—-38,001 X X
03 organic mud 2 27,900 1200 32,183 30,980-33,330 29,777—-34,741 X X
Pooled samples
01-3 5 28,220 315 32,085 31,566—32,480 31,331-32,970
01-3, L1 7 26,700 1988 31,309 28,839—-33,275 27,415-37,271
01-3 10 32,322 31,476-32,926 31,165-33,674
Unit I (Mangaone)
BDQ-1a (Wk-42097a) charcoal 10 26,846 117 30,958 30,858—-31,060 30,752—-31,150 X X
BDQ-1b (Wk-42097b) charcoal 10 26,892 117 30,981 30,883-31,082 30,777-31,171 X X
M1 charcoal contamin. with roots 1 26,300 700 30,363 29,717-31,024 28,868—31,564 X
M2 charcoal contamin. with roots 2 21,900 400 26,177 25,742—-26,568 25,435-27,137 X
M3 charcoal 2 30,100 1300 34,290 32,766—35,687 31,433-37,684 X
M4 soil 2 29,400 800 33,416 32,560—34,313 31,547—-34,966 X
M5 charcoal 4 26,100 800 30,181 29,456—30,966 28,540—31,664 X
M6 extract 4 26,300 1400 31,064 29,430-32,521 28,333—34,358 X
M7 residue 4 25,000 700 29,143 28,291-29,861 27,833-30,671 X
M8 charcoal 4 35,300 2200 40,054 37,469—42,225 35,438—45,598 X
M9 charcoal 4 31,400 1500 35,829 33,953-37,375 32,820—39,981 X
M10 peat 4 27,000 1000 31,150 29,930-32,185 29,200—-33,569 X
M11 peat 4 31,000 2100 35,773 33,177—-38,256 31,329—-41,535 X
M12 charcoal 3 33,300 2000 37,998 35,464—39,982 34,004—42,813 X
M13 charcoal 6 27,780 270 31,538 31,225-31,770 31,095-32,357 X X
M14 charcoal 6 28,340 270 32,202 31,734-32,601 31,456—33,003 X X
Pooled samples
BDQla, b 10 30,958 30,858—31,060 30,752—-31,150
M3-M12 5 27,730 350 31,559 31,154-31,856 31,022—-32,550
M13-14 6 28,060 270 31,863 31,425-32,193 31,276—32,693
M3-M5, M8, M10-M14 7 28,140 3535 34,375 28,834—38,288 27,411-47,134
M13-14; BDQla,b 10 31,081 30,999-31,169 30,902—-31,247
Unit F (Hauparu)
H1 organic mud 4 39,000 5600 43,694 40,199—-48,146 37,357 - [>50,000] X X
H2 organic mud 4 35,700 1300 40,285 39,000—41,525 37,610—42,864 X X
Pooled samples
H1-H2 35,870 1270 40,444 39,220—41,646 37,998—42,934

10 40,564 39,367—41,768 38,202—43,041
Unit E (Te Mahoe)
E1(?) soil between U’s F 6 31,720 370 35,577 35,171-35,974 34,828-36,321 X X

and Dmost likely
dating unit E

Maketu (Unit D)
K1 bulk sediment 8 31,750 580 35,662 35,004—36,201 34,493-37,183 X X
K2 macrofossil charcoal 8 32,200 360 36,067 35,642—36,427 35,185—-36,997 X X
Pooled samples
K1-K2 8 32,078 306 35,933 35,614—36,259 35,215-36,590
K1-K2 10 35,937 35,617—36,262 35,219-36,595

(continued on next page)
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Model‘ 3

Models‘ 1, 2

Calibrated 2¢
age range

(cal yr BP)
36,260—38,771
37,047—-39,655
37,714—40,019
36,909—-38,883
37,590—39,130

36,855—38,279

37,879—-39,106
38,385—39,402

Calibrated 1¢
age range

(cal yr BP)
37,622—-38,603
38,154—38,794

Calibrated
14C agec
(cal yr BP)
37,543
38,486
38,864
38,069
38,452

(yr)

+1c
460
349

520
470

Conventional
14C age

(yr BP)’
33,340
34,060
34,360
33,737

Source®

Material dated
macrofossil charcoal
plant macrofossils

bulk sediment
2 1 - Vucetich and Pullar (1969); 2 - Pullar and Heine (1971); 3 - Nairn (1981); 4 - McGlone et al. (1984); 5 - Froggatt and Lowe (1990); 6 - Jurado-Chichay and Walker (2000); 7 - Shane et al. (2006); 8 - Molloy et al. (2009); 9 -

Loame et al. (2019); 10 - this study.
¢ Median of calibrated'“C age distribution in years before the present (cal yr BP) calibrated in OxCal 4.3 software (Bronk Ramsey, 2009) using the SHCal13 calibration curve (Hogg et al., 2013).

4 Ages used for Bayesian age sequence modelling as described in the text.

b yr BP - years before present where present = 1950 CE.

Unit/Sample ID
Pooled samples

Tahuna
T1

T2

T3
T1-T2
T1-T3

Table 2 (continued )
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defined as the ‘upper Mangaone member’ of the Mangaone
Tephra Formation by Howorth (1975).

In this study we followed the latest version of stratigraphy
after Wilson et al. (2009) and use a ‘hybrid’ nomenclature
combining the systems of Jurado-Chichay and Walker (2000) and
Smith et al. (2002) as presented in Table 1.

2.3. Previous geochronology

Seven of the MSg tephras have been previously dated by C
methods (see the summary of 'C data in Table 2 and Fig. 3).
Preferred eruption ages and age precision for some tephras vary
significantly, depending on data treatment. For example, 17 C
ages ranging between 26.2 + 0.4 and 40.1 + 2.1 cal ka BP (15) have
been obtained for different materials from Unit I (Mangaone)
(Vucetich and Pullar, 1969; Pullar and Heine, 1971; Nairn, 1981;
McGlone et al., 1984; Jurado-Chichay and Walker, 2000). Repre-
sentative eruption ages preferred by different authors based on
the same dataset vary from 31.6 + 0.4 to 33.0 + 3.7 cal ka BP (10)
depending on data selection preference (Jurado-Chichay and
Walker, 2000; Shane et al., 2006). As noted by Froggatt and
Lowe (1990), the assumption of high quality in the C data is
not always warranted and care needs to be taken when selecting
data for interpretation. Similarly, McGlone et al. (1984) reported
that radiocarbon ages obtained on MSg tephras within peat at a
site in Gisborne “do not give a conclusive indication of [their] age
[but] collectively they suggest that the site is between 30,000 and
40,000 years old” (p. 333).

To make the available data comparable and consistent with
international standardization and nomenclature, we have cali-
brated conventional '“C ages (in 'C yr BP) to calendar years (cal yr
BP or cal ka BP) in the OxCal 4.3 software (Bronk Ramsey, 2009)
using the SHCal13 calibration curves (Hogg et al., 2013) (Table 2).
The '#C ages from, or relevant to, the MSg that we consider reliable
range from 38.9 + 0.5 (Tahuna Tephra; in Loame et al., 2019) to
30.7 + 0.2 cal ka BP (1c) (Unit L; Jurado-Chichay and Walker,
2000).

As noted earlier, around half of the MSg tephras have never
been directly dated by radiometric methods and their ages have
instead been inferred based on stratigraphic relationship and as-
sumptions relating to the duration of paleosol formation (the
amount of time it took for soil horizons to be developed prior to
burial by new eruptives). Neither of the two stratigraphically
oldest MSg tephras, Unit A and Unit B (Ngamotu), has been dated
directly. Consequently, the beginning of the MSg eruptive phase
was only indirectly estimated at ~52—43 ka based on field ob-
servations (Jurado-Chichay and Walker, 2000) made in conjunc-
tion with the widely varying estimates for the eruption age of the
underlying Rotoiti eruptives (including the Rotoehu Ash) (Froggatt
and Lowe, 1990). The Rotoiti/Rotoehu deposits have been very
difficult to constrain chronologically, and ages have ranged from
ca. 40 ka to 70 ka (e.g., Thompson, 1968; Grant-Taylor and Rafter,
1971; Berryman, 1992; Lowe and Hogg, 1995; Lian and Shane,
2000; Santos et al., 2001; Shane and Sandiford, 2003; Wilson
et al,, 2007; Flude and Storey, 2016). In our study, we adopt the
eruption age of 45.2 + 3.3 ka (20) for the Rotoiti Tephra Formation
(Danisik et al., 2012) and consider it to be the maximum age limit
for the MSg tephra beds. This age was derived by ZDD and evi-
dence supporting it includes (but is not limited to) optimum '4C
data (i.e., stratigraphically well-constrained samples and high-
level laboratory pre-treatment) (Santos et al., 2001; Danisik
et al,, 2012), “°Ar/3°Ar data on K-feldspar and biotite (Flude and
Storey, 2016), U-Th zircon crystallization ages (Charlier et al.,
2003; Charlier and Wilson, 2010; Rubin et al., 2016), as well as
palynological, magnetostratigraphic, and sedimentation-rate-
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Fig. 3. Summary of published '*C, new C, and new ZDD ages for MSg tephras (and Tahuna tephra which did not originate in OVC) arranged in stratigraphic order. The ages are
displayed as 1c (bars) and 26 (whiskers) age ranges. Conventional C ages were calibrated to calendar years (cal years BP) in OxCal 4.3 software (Bronk Ramsey, 2009) using the
SHCal13 calibration curve (Hogg et al., 2013). Data compiled from Vucetich and Pullar (1969), Pullar and Heine (1971), Nairn (1981), McGlone et al. (1984), Froggatt and Lowe (1990),
Jurado-Chichay and Walker (2000), Shane et al. (2006), Molloy et al. (2009), Loame et al. (2019), and our study.
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Fig. 4. Images showing the stratigraphy of MSg deposits and the positions of the materials we sampled at two locations for ZDD and 'C dating. A — Unit I (Mangaone) tephra
section in Bowditch Quarry was sampled for zircon (NZ18-3) and charcoal (BDQ-1). Uppermost unit (ash and pumice lapilli) was deposited by a pyroclastic flow (density current)
(Howorth, 1975). B — Close-up of the BDQ-1 charcoal material. C — Section showing Unit ] (Awakeri) and Unit K (Omataroa) tephras in Bowditch Quarry. D — Section at Little Waihi
Road sampled for Unit D (Maketu) and Unit F (Hauparu) tephras (the latter did not yield zircon of required quality). Note that Rotoehu Ash represents tephra-fall beds associated
with the eruption of the Rotoiti Tephra Formation (Froggatt and Lowe, 1990). Spade for scale is ca. 120 cm long.

based ages from lake sediments and deep-sea cores (Wright et al.,
1995; Shane and Sandiford, 2003; Newnham et al., 2004; Shane
et al.,, 2006; Molloy et al.,, 2009; Nilsson et al., 2011; Peti and
Augustinus, 2019).

Another geochronological approach applied to the MSg tephras
is optical luminescence dating of paleosols beneath the Tahuna
tephra by Lian and Shane (2000), who reported ages of 30 + 2 and
34 + 3 ka. These ages, however, are younger than the C ages
measured on the Tahuna tephra (37.5 + 0.7 and 38.5 + 0.6 ka) by
Molloy et al. (2009) and therefore are not considered further.
Finally, Charlier and Wilson (2010) reported zircon U—Th crystal-
lization ages of 50*]} — 39575 ka (weighted average: 81 + 11 ka
(95% conf. interval); n = 42; MSWD = 6.4) and 2071} — 3207%% ka
(weighted average: 51.7 + 5.9 ka (95% conf. interval); n = 54;
MSWD = 3.6) for Unit B (Ngamotu) and Unit I (Mangaone),
respectively. The youngest statistically meaningful populations in
the age spectra may provide a coarse estimate of the maximum
limit for the eruption age of these tephras.

2.4. Stratigraphy of sample sites

Samples of Unit I (Mangaone), Unit J (Awakeri), and Unit K
(Omataroa) were collected from the type section for Unit I (Man-
gaone) tephra in the Bowditch Quarry on State Highway 2
(S38°01'21.6” E176°43'18.2"), designated by both Howorth (1975, p.
696) and Jurado-Chichay and Walker (2000, p. 326). Here, the
exposed sequence consists of (from bottom to top; Fig. 4): paleosol
on Unit F (Hauparu); Unit I (Mangaone), a ~5 m thick deposit of
massive, weakly-bedded, inversely-graded pumice lapilli and
blocks, which is further subdivided into a lower unit (medium-
coarse lapilli), middle unit (coarse lapilli and blocks) that we

sampled for pumice clasts (sample NZ18-3; Fig. 4A), and an upper
pyroclastic flow unit (ash and pumice lapilli) which contains
carbonized logs that we sampled for “C dating (sample BDQ-1;
Fig. 4A and B); Unit J (Awakeri) comprising a ~50-cm-thick pum-
ice fall deposit with <1 cm pumice lapilli and dark lithics fining
upward. Here we collected a sample (NZ18-2) of coarser pumice
from the base of the formation (Fig. 4C); Unit K (Omataroa)
comprising a >4 m thick, mostly coarse pumice fall deposit with
pumice clasts <5 cm, which we sampled ~20 cm above the lower
contact (sample NZ18-1; Fig. 4C); and Kawakawa tephra capping
the Mangaone Subgroup sequence.

Samples of Unit F (Hauparu) and Unit D (Maketu) were collected
from a reference site exposed on the Little Waihi Road site
(S37°45’39.7” E176°28'20.0”) and described in Briggs et al. (2006, p.
23); type locations for both units are nearby (Jurado-Chichay and
Walker, 2000, p. 326). The sequence comprises (from bottom to
top; Fig. 4D): Rotoehu Ash (over Rotoiti Ignimbrite); a ~150 cm
thick brown paleosol; a distinct, thin (~5 cm thick) white ash layer
(possibly Unit C2 (Pongakawa tephra); Briggs et al., 2006); Unit D
(Maketu), consisting of a ~1.5 m thick deposit with normally
graded, pink-coloured coarse pumice lapilli (our sample NZ18-5;
Fig. 4D) and a weak paleosol; Unit F (Hauparu), comprising >2 m
thick, coarse plinian-fall deposits containing large pumice clasts up
to ~5 cm in diameter (our sample NZ18-4; Fig. 4D).

3. Methods
3.1. ZDD — sample preparation, dating procedure

Prior to zircon separation, ~200 g of pumice clasts from each
sample were submitted to Labwest Minerals Analysis Pty Ltd



M. Danisik et al. / Quaternary Science Reviews 246 (2020) 106517 9

(Perth) for trace element analysis by solution ICPMS in order to
determine the whole rock Th and U abundances required for ZDD
age calculation. The samples were pulverized and 100 g of material
was microwave digested using a proprietary method in a mixture of
HF, HCl, and HNOs3 under high pressure (~20 bar) and temperature
(~180 °C) in sealed Teflon pressure vessels. The solutions were
analysed for U and Th by external calibration on a Perking Elmer
NexION 300Q ICPMS.

The remaining aliquot of the sample was processed for zircon.
Zircon was separated from the samples at the John de Laeter Centre
(JdLC) at Curtin University following a standard work-flow for
heavy mineral separation with some modification: samples were
disaggregated to <400 um fraction using SelFrag disaggregation.
This approach requires that samples be submerged in water, so
pumice that floated was soaked in water (usually for one week)
until it sank. Heavy minerals were pre-concentrated using a Jasper
Canyon Research zircon concentrating table. The heavy fractions
were dried and processed through heavy liquids using lithium
polytungstates (LST; specific gravity = ~2.85 g/cm?®) and magnetic
separation. The heavy non-magnetic fraction was then handpicked
for zircon under a stereomicroscope. Finally, zircon crystals were
rinsed in cold 48% HF for 3 min to remove adherent glass.

Zircon crystals were pressed into indium (In) metal with un-
polished crystal faces exposed at the surface. The surface of the
mount was levelled and coated with a conductive layer of gold, and
crystal rims were dated by U—Th disequilibrium methods with a
CAMECA ims 1280-HR (SIMS) at the HIP Laboratory at Heidelberg
University, Germany, following the protocols for dynamic multi-
collection analysis described in Schmitt et al. (2017) and
Friedrichs et al. (2020). ThO"/UO™ relative sensitivities were cali-
brated on 91500 (Wiedenbeck et al., 1995) and AS3 (Paces and
Miller, 1993) zircon crystals, used as primary and secondary cali-
bration standards, respectively. The weighted average of 23°Th/?38U
values obtained on AS3 analyses bracketing blocks of the un-
knowns is 1.005 + 0.005 (10; MSWD = 0.93; n = 49), consistent
with secular equilibrium of AS3. The dimension of elliptical craters
sputtered on the crystal rims with a ~40 um wide ion beam were
~40 (length) x 25 (width) x 4 um (depth), preserving >98% of the
crystal volume for subsequent (U—Th)/He analysis (Fig. 1). Zircon
U—Th model ages were calculated as two-point isochrons regressed
through measured 22%U/23°Th values and whole rock Th/U
composition that was assumed as representative for the melt
composition.

After the SIMS analysis, mounts were wiped with methanol to
remove the gold coating, and zircon crystals were plucked out of
the In ahead of (U-Th)/He dating in the JdLC Low-Temperature
Thermochronology Facility (Curtin University) following the pro-
cedures described in Danisik et al. (2012, 2017a). The crystals were
photographed, measured for physical dimensions, transferred and
packed into niobium (Nb) microtubes and loaded into an
Alphachron Il instrument for He extraction. “He together with other
gases were extracted at ~1250 °C under ultra-high vacuum using a
diode laser, cleaned on Ti—Zr getters, and spiked with 99.9% pure
3He gas. The volume of “He was measured by isotope dilution on a
QMG 220 M1 Pfeiffer Prisma Plus mass spectrometer. A “re-extract”
was run after each analysis to verify complete outgassing of the
crystal. Helium gas signals were corrected for blank, determined by
analysing empty Nb microtubes interspersed between the un-
knowns using the same gas extraction procedure. After the He
measurements, Nb microtubes containing the crystals were
retrieved from the Alphachron, spiked with 2>°U and 23°Th, and
dissolved in Parr acid digestions vessels in two cycles of HF, HNO3
(cycle 1), and HCl acids (cycle 2) following the procedures described
in Evans et al. (2005). Sample, blank, and spiked standard solutions
were then diluted with Milli-Q water and analysed by isotope

dilution for 238U and 232Th, and by external calibration for ¥’Sm on
an Element XR™ High Resolution ICP-MS. The total analytical un-
certainty (TAU) was calculated as a square root of sum of squares of
uncertainty on He and weighted uncertainties on U, Th, and Sm
measurements. The zircon (U-Th)/He ages were corrected for
alpha ejection (F¢-correction) after Farley et al. (1996), whereby
homogenous distributions of U, Th, and Sm were assumed for the
crystals. The accuracy of the zircon (U-Th)/He dating procedure
was monitored by replicate analyses of internal standard Fish
Canyon Tuff zircon where crystals measured over the course of this
study yielded a mean (U-Th)/He age of 28.5 + 0.3 Ma (1o,
MSWD = 1.03; n = 13), in excellent agreement with the reference
(U—Th)/He age of 28.3 + 1.3 Ma (Reiners, 2005).

The Fi-corrected (U—Th)/He ages were then corrected for U-
series disequilibrium and pre-eruptive crystal residence time
(Farley et al,, 2002) using MCHeCalc software (Schmitt et al.,
2010b). In addition to the Fi-corrected (U—Th)/He ages and U—-Th
crystallization ages (with their associated uncertainties), the soft-
ware also requires D39 and D231 parameters which describe zircon-
melt fractionation of Th and Pa relative to U. Calculation of Dy3g
(Farley et al., 2002) was made by dividing zircon Th/U values by
whole-rock Th/U, whereby we assume that the magma was in
secular equilibrium and that the measured whole-rock values are
representative for the magma from which the zircons originated.
For D331 a value of 3.3 was adopted based on an average of pub-
lished Pa/U zircon-rhyolite melt partition coefficient values
(Schmitt, 2007, 2011; Sakata et al., 2017). Disequilibrium-corrected
(U—Th)/He ages (7—9 replicates per sample) were then used to
calculate a mean value, which is interpreted as the representative
eruption age of each sample (and termed ZDD eruption age). This
was done by applying two different approaches. In the first, tradi-
tionally used ‘frequentist approach’, the error-weighted means
with 95% confidence intervals were calculated using Isoplot v.4.15
Excel add-in (Ludwig, 2012). In the second (novel) ‘Bayesian
approach’, we applied a Bayesian probability model to predict
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300
8 - NZ18-2 Unit J (Awakeri) \@\V
NZz18-3 Unit | (Mangaone) /"/’07/,* 200
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Fig. 5. 28U—23CTh isochron diagram for MSg tephras dated in this study showing that
all zircon isotopic ratios are in secular disequilibrium (i.e., all ellipses plot to the right of
the equiline). Confidence ellipses are plotted at 95% level of confidence. The diagram
was constructed in IsoplotR (Vermeesch, 2018); isochrons (dashed grey lines) are
based on mean Th/U whole rock composition of 0.639 (blue diamond). (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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Fig. 6. Zircon U-Th and (U—Th)/He ages (blue squares and red diamonds, respectively) with 1c analytical uncertainties for MSg tephras analysed by ZDD displayed in ranked order
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DensityPlotter (Vermeesch, 2012). Vertical dashed orange lines and yellow rectangles indicate the ZDD eruption ages and their 95% confidence intervals, respectively, calculated as
error weighted means in Isoplot (Ludwig, 2012). The samples are arranged in stratigraphic order to allow easy comparison of the ZDD eruption ages. MSWD — mean square of
weighted deviation. The full dataset can be found in Table 3 and Supplementary Tables S2 and S3. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)

posterior mean values and their 95% high density intervals (HDI). In
addition, we also applied Bayesian analysis for comparing two
groups, which is similar to the Bayesian t-test of Kruschke (2013),
but was modified so that it takes into account uncertainties of the
measured data following the approach of Gelman et al. (2013)
applied to the “eight schools” example, to test whether there is a
statistically significant difference between the ZDD ages obtained
on different tephras.

To enable direct comparison of ZDD eruption ages with “C ages,
conventional ZDD eruption ages were converted to calendar kilo-
years before present (ka BP), where present = 1950 CE.

3.2. ¥C dating procedure

Two aliquots of charcoal sample BDQ-1 from Unit [ (Mangaone)
tephra were analysed by liquid scintillation spectroscopy at the
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Table 3
ZDD data summary.
Sample 22Th + %0 + "sSm  + “He + TAU Th/U RawHe +lc F; + F-cor.He +lc U-Th +1c Dy3  Diseq.-cor. +lc
code (ng) (%) (ng) (%) (ng) (%) (ncc) (%) (%) age (ka) (ka) (%) age (ka) (ka) (ka) (ka) He age (ka BP) (ka)
Unit K (Omataroa)
NZ18-1-1 0.308 2.0 0.402 2.4 0.00052 1.1 0.0007 19.7 19.8 0.76 12.7 25 078 5 163 33 36.0 122 0.1604 27.2 5.7
NZ18-1-2 0.164 1.4 0.190 2.3 0.00023 1.5 0.0007 152 153 0.86 254 39 076 5 333 54 789 383 0.1806 43.8 8.6
NZ18-1-3  0.367 1.3 0.368 1.9 0.00066 0.9 0.0007 215 21.6 099 129 28 073 5 17.8 39 592 17.0 0.2087 25.5 6.1
NZ18-1-7 0.386 1.3 0.347 2.0 0.00071 0.8 0.0008 18.0 181 1.11 14.2 26 066 5 215 40 416 12.8 02330 324 6.2
NZ18-1-8 0366 2.1 0.395 2.5 0.00082 1.1 0.0008 16.2 163 0.92 13.0 21 071 5 184 3.1 463 119 0.1938 283 52
NZ18-1-9 0.285 1.4 0.239 2.1 0.00112 1.2 0.0004 30.0 300 1.18 11.8 35 063 5 186 57 411 9.7 0.2494 28.1 8.9
NZ18-1-10 0.187 1.4 0.192 1.9 0.00068 0.9 0.0006 289 29.0 096 21.3 62 072 5 297 8.7 383 146 02033 458 12.6
NZ18-1-12 0.253 1.4 0.247 2.0 0.00032 1.2 0.0004 257 257 1.02 11.1 29 071 5 157 4.1 321 113 02141 248 6.6
NZ18-1-13 0.315 2.0 0.378 2.5 0.00054 1.3 0.0010 13.7 139 0.83 182 25 077 5 236 35 309 91 01741 39.0 5.4
Weighted mean (in ka BP) + 95% conf. (in ka) (MSWD): 31.2 +4.4(1.04)
Posterior mean (in ka BP) + 95% HDI (in ka): 31.1 + 4.3/-4.2
Unit | (Awakeri)
NZ18-2-18 0.181 1.4 0.190 2.0 0.00035 1.3 0.0004 443 443 094 146 65 072 5 20.1 9.0 81.6 294 0.1886 27.7 12.7
NZ18-2-10 0.225 1.4 0.192 2.1 0.00043 1.3 0.0003 422 423 1.16 10.8 46 069 5 157 6.7 252 7.9 02317 244 10.5
NZ18-2-11 0.108 1.4 0.142 2.0 0.00008 1.7 0.0004 258 259 0.75 20.1 52 060 5 335 8.8 405 104 0.1505 54.7 13.5
NZ18-2-12 0.269 2.2 0.376 2.6 0.00032 2.9 0.0005 36.8 369 0.71 95 35 075 5 128 48 348 19.7 0.1416 208 8.1
NZ18-2-16 0.527 1.3 0.502 2.1 0.00127 1.2 0.0011 108 109 1.04 14.6 1.6 078 5 188 23 415 159 02082 285 3.9
NZ18-2-8  0.293 1.4 0.290 2.0 0.00028 1.7 0.0008 19.6 19.7 1.00 19.3 38 071 5 271 55 514 149 0.2002 404 8.5
NZ18-2-7 0.162 14 0.129 2.0 0.00006 2.5 0.0003 27.8 27.8 124 163 45 061 5 269 7.6 39.7 134 0.2486 40.3 11.0
NZ18-2-13 0.152 1.9 0.153 2.4 0.00035 1.6 0.0004 41.1 412 099 16.2 6.7 065 5 247 103 308 10.0 0.1970 39.8 141
Weighted mean (in ka BP) + 95% conf. (in ka) (MSWD): 30.9 + 5.6 (1.13)
Posterior mean (in ka BP) + 95% HDI (in ka): 30.8 + 5.5/-5.4
Unit I (Mangaone)
NZ18-3-18 0.124 1.4 0.105 2.1 0.00022 1.3 0.0003 475 47.6 117 16.7 79 065 5 257 123 81.6 294 0.2439 345 16.7
NZ18-3-1 0.092 1.5 0.089 2.3 0.00018 2.5 0.0002 620 62.1 1.03 11.6 72 061 5 19.0 11.8 439 124 0.2136 27.0 18.7
NZ18-3-7 0.092 1.5 0.084 2.1 0.00014 1.9 0.0002 71.7 717 1.09 123 88 065 5 18.8 13.5 51.5 15.7 02278 249 20.3
NZ18-3-8  0.329 1.9 0.275 2.4 0.00086 0.9 0.0004 224 225 119 93 21 063 5 147 34 295 134 02474 222 52
NZ18-3-14 0.532 1.3 0.727 2.0 0.00080 1.3 0.0019 7.7 79 073 182 14 072 5 253 24 472 139 0.1512 409 43
NZ18-3-16 0.250 1.4 0.256 2.2 0.00081 0.9 0.0006 18.2 182 0.97 163 3.0 059 10 27.7 58 653 12.6 0.2021 40.7 9.3
NZ18-3-13 0.298 1.4 0.391 2.0 0.00051 1.3 0.0006 17.7 17.8 0.76 11.1 20 072 5 155 29 396 146 0.1575 25.0 5.1
Weighted mean (in ka BP) + 95% conf. (in ka) (MSWD): 315 +5.2(1.8)
Posterior mean (in ka BP) + 95% HDI (in ka): 31.5 + 5.1/-5.1
Unit D (Maketu)
NZ18-5-3  1.638 2.1 1.212 2.5 0.00087 1.0 0.0047 5.4 5.7 134 242 14 081 5 301 23 782 17.0 02994 393 3.6
NZ18-5-4 0.586 1.3 0.730 2.0 0.00084 1.3 0.0016 13.7 13.8 0.80 15.2 21 076 5 19.8 29 66.0 149 01777 282 4.8
NZ18-5-11 0.100 1.5 0.146 2.0 0.00004 2.7 0.0004 282 283 0.68 17.6 50 072 5 245 70 66.8 19.2 0.1507 36.5 11.3
NZ18-5-10 0.402 1.9 0411 24 0.00023 1.2 00010 11.7 119 097 16.8 20 071 5 236 30 564 123 02165 345 49
NZ18-5-9  0.192 14 0.204 2.0 0.00016 2.2 0.0004 272 272 093 135 37 072 5 187 52 414 21.8 0.2085 27.6 8.0
NZ18-5-15 0.418 1.9 0.316 2.4 0.00005 1.7 0.0012 128 13.0 131 235 31 064 5 36.6 51 532 17.5 0.2930 50.6 7.1
NZ18-5-12 0.076 1.5 0.082 2.0 0.00016 2.2 0.0002 47.8 47.8 092 16.1 7.7 055 10 295 144 559 13.3 0.2048 429 223
NZ18-5-17* 0.085 1.5 0.086 2.0 0.00006 2.6 0.0001 160.8 160.8 0.98 7.2 11.6 049 15 14.7 23.8

Weighted mean (in ka BP) + 95% conf. (in ka) (MSWD):

36.1 + 44 (1.5)

Posterior mean (in ka BP) + 95% HDI (in ka): 36.1 + 4.3/-43

TAU - total analytical uncertainty; F; - alpha ejection correction factor calculated after Farley et al. (1996) for homogeneous distribution of parent nuclides; uncertainty on F;
factors was arbitrarily set to 5% and 10% for crystals with F; > 0.6 and F; < 0.6, respectively, after Ehlers and Farley (2003), and propagated in quadrature into final age
uncertainty; D,3p - Th zircon-melt fractionation factor calculated after (Farley et al., 2002) using the Th/U ratios of analysed bulk zircon crystals and whole rock Th/U (NZ18-
1 = 4.7459; NZ18-2 = 5.057; NZ18-3 = 4.8033; NZ18-5 = 4.4819); Diseq.-cor. (U—Th)/He age (ka BP) - disequilibrium-corrected (U—Th)/He age calculated by MCHeCalc
program (Schmitt et al., 2010b) assuming D31 = 3.3 (i.e., an average of fp,,y values published by Schmitt, 2007, 2011; Sakata et al., 2017) and converted to calendar kiloyears
before present (ka BP), where present = 1950 CE; Eruption ages were calculated (i) as error weighted average by Isoplot v.4.15 Excel add-in (Ludwig, 2012) and (ii) posterior
mean value predicted Bayesian probability model. Crystal marked with asterisk was disregarded because of its high analytical uncertainty.

Wiaikato Radiocarbon Dating Laboratory (New Zealand) following
the methods described in Hogg et al. (2007). The analysis utilized
acid—base—acid pre-treatment. The 8'3C values were measured
as —21.2 + 0.2%o. Background blank correction (equivalent to an
apparent age of 54.1 ka BP) was achieved by '“C analysis of MIS 5
(~120 ka) wood (Hogg et al., 2007). The resulting conventional 4C
age (1C yr BP) was calibrated to calendar years (cal yr BP) by OxCal
4.3 (Bronk Ramsey, 2009) using the SHCal13 calibration curves
(Hogg et al., 2013). Previously published “C ages were calibrated to
calendar years by the same procedure to enable comparison with
our new ZDD and C results.

3.3. Age sequence modelling using Bayesian inference

To reconstruct a robust eruptive chronology for the MSg

sequence in its entirety, a Bayesian ‘target event date model’ (Lanos
and Philippe, 2017, 2018) incorporating ZDD and 'C geochrono-
logical data, as well as stratigraphic information, was developed in
ChronoModel v. 2.0 software (Lanos and Dufresne, 2019). This
software was originally designed for archaeological purposes to
estimate the date of events by combining numerical (absolute)
dates obtained (often by different methods) on archaeological ar-
tefacts, as well as relative dates inferred from their stratigraphic
positions. These data can be used as prior information for the
modelling, which is based on a hierarchical Bayesian statistical
approach and utilizes Markov chain Monte Carlo (MCMC) numer-
ical techniques to estimate the dates of target events and their
uncertainties. One of the major advantages of the target event date
model (Lanos and Philippe, 2017, 2018) over other Bayesian chro-
nological modelling packages such as OxCal and BCal is in the
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Fig. 7. Left: Histograms showing posterior distributions of mean values for (U-Th)/He ages that represent the Bayesian estimates of most probable eruption ages and their un-
certainties (horizontal bars represent 95% high density intervals, HDI). Right: Histograms showing posterior differences of the mean (U—Th)/He values predicted by Bayesian analysis
for stratigraphically adjacent tephras. The differences of the mean values serve as a test to decide whether there is a credible difference between the eruption ages of the dated
tephras. For Units I (Mangaone), ] (Awakeri), and K (Omataroa), the 95% HDI of the difference of means are quasi-symmetrically distributed around zero, and there is no statistically
credible difference in their eruption ages. For Units D (Maketu) and I (Mangaone) (bottom right diagram), in contrast, the 95% HDI marginally overlaps with zero and >90% of the
predicted values are >0, and therefore we can conclude that there is >90% probability that the eruption ages of these two tephras are credibly different.

robustness of predicted dates that yield a less precise but more
accurate reflection of the chronology (Lanos and Philippe, 2018).
The schematic structure of the MSg tephra model can be found
in Supplementary Figure S1, and input data are listed in
Supplementary Table S1. In the model, tephras were defined as
separate events characterized by ZDD and/or '#C data (i.e., ages and
1o uncertainties) from this study or published literature. Tephras
with no available radiometric data were loosely constrained as
uninformative dates, ranging from the oldest age of the underlying
unit to youngest age of the overlying unit. The relative chronology
of the events was constrained based on stratigraphic super-
positioning. Maximum and minimum age limits of the whole
sequence were constrained by the eruption ages of the Rotoiti
Tephra and Earthquake Flat Tephra formations (45.2 + 1.65 and
45.2 + 145 ka (10), respectively; Danisik et al., 2012) and Oruanui/

Kawakawa tephra (25.4 + 0.1 cal ka BP; Vandergoes et al., 2013),
bracketing the MSg sequence. We ran three MCMC sampling chains
consisting of 1000 burn-in, 10,000 adaptation, and 100,000 acqui-
sition iterations; thinning rate was set to 10. The model calculates
posterior distributions for event dates that are described by a range
of parameters; for simplicity we will refer to mode of the posterior
distribution (MAP or maximum a posterior probability) and 95%
highest posterior density (HPD) region estimates (i.e., an analogue
to 20 uncertainty range in frequentist statistics) as representative
values for the posterior event dates.
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4. Results
4.1. U-Th crystallization ages

In total, four samples were dated by ZDD; one sample NZ18-4
(Unit F, Hauparu) yielded only a few small zircon crystals
(<40 um in diameter) of inadequate size for ZDD. Analytical results
are summarized in Supplementary Table S2. Analyses of all crystal
surfaces revealed 23°Th deficits; (>3°Th)/(>*8U) values (parentheses
indicate activities) are below unity, with data plotting to the right of
the equiline (Fig. 5), suggesting a crystallization age <350 ka for all
59 dated crystals. U-Th model ages defined by zircon and whole
rock compositions range from ca. 25 + 8 to 113 + 39 ka (10). U-Th
age spectra (Fig. 6) for all four samples are unimodal with mean
values of ca. 40 ka for the stratigraphically higher samples (Unit I
(Mangaone), Unit ] (Awakeri), Unit K (Omataroa)) and ca. 60 ka for
the stratigraphically lowest (oldest) sample, Unit D (Maketu).

4.2. (U-Th)/He ages

Seven to nine SIMS-dated zircon crystals per sample were dated
by the (U-Th)/He method. Alpha-ejection corrected (U—Th)/He
ages are younger than their corresponding U—Th ages for all 33
double-dated crystals (Table 3; Supplementary Table S3). One
crystal (NZ18-5-17) had an extremely large analytical uncertainty
(160%; 15) due to the low He content and was rejected from further
evaluation. The remaining Fi-corrected (U—Th)/He ages, corrected
for disequilibrium, yield weighted mean ages (arranged in strati-
graphical order from bottom to top) as follows: Unit D (Maketu)
36.1 + 4.4 ka BP (95% conf.; MSWD = 1.5; n = 7); Unit I (Mangaone)
31.5 + 5.2 ka BP (MSWD = 1.8; n = 7); , Unit ] (Awakeri) 30.9 + 5.6
ka BP (MSWD = 1.13; n = 8); and Unit K (Omataroa) 31.2 + 4.4 ka BP
(MSWD = 1.04; n = 9) (Fig. 6; Table 3). The weighted mean ages and
their uncertainties are almost identical to the posterior mean
values and 95% HDIs determined by Bayesian inference (Fig. 7;
Table 3). Individual grain ages are reproducible within analytical
uncertainty (Figs. 6 and 7) and the MSWD values (~1—1.8) are in the
acceptable range of a reduced chi-squared test for sample sizes of
7—9 (Spencer et al., 2016). Therefore, the data for each sample are
interpreted to represent a single population and the weighted
mean values are our best estimates of ZDD eruption ages.

Due to the large age uncertainties, the relationship between the
ZDD ages and relative stratigraphic position of the tephras that
were sampled is not very clear. Bayesian inference revealed that
only the sample from Unit D (Maketu), with the lowest position in
the stratigraphic sequence and the oldest ZDD age, is statistically
different from the upper three tephras, which yielded statistically
indistinguishable ZDD ages (Fig. 7). The statistical overlap in ages is
not surprising given that paleosols formed on each unit are thin and
weakly developed (Jurado-Chichay and Walker, 2000). The weak
paleosols represent periods of volcanic quiescence (para-
conformities mark the boundary between the buried paleosol top
and overlying tephra) that likely correspond to a few decades to
centuries (Jurado-Chichay and Walker, 2000), through to a
maximum of a few thousand years based on clay contents and
thicknesses (Hodder et al., 1990; Lowe and Percival, 1993; Lowe and
Hogg, 1995).

4.3. MC ages

Two aliquots of sample BDQ-1 (Unit I (Mangaone)) yielded
conventional '“C ages of 26,846 + 117 and 26,892 + 117 yr BP (10),
calibrated to 2c probability age ranges of 30,752—31,150 and
30,777—-31,171 cal yr BP, respectively (Table 2; Supplementary
Table S4). These ages are in good agreement with high-precision

14C 26 age ranges of 31,095—32,357 and 31,456—33,003 cal yr BP
on charcoal reported for the same tephra by Jurado-Chichay and
Walker (2000) (Table 2). Therefore, we combined these four ages
using the R_combine function in OxCal 4.3 and calculated a pooled
20 age range of 30,902—31,247 cal yr BP (20 age range), which is
considered our optimum 'C eruption age estimate for Unit I
(Mangaone). We did not include other published C ages because
of their lower precision or problems with sample material as dis-
cussed in Froggatt and Lowe (1990) and Jurado-Chichay and Walker
(2000).

5. Interpretation and discussion
5.1. Comparison of ZDD eruption ages and '#C ages

The new ZDD eruption ages are in excellent agreement with the
corresponding '“C ages. Both methods yielded statistically indis-
tinguishable ages, fully overlapping within 2c uncertainty. For Unit
D (Maketu), the ZDD age of 36.1 + 4.4 ka BP overlaps with the C 2¢
age range of 35.2—36.6 cal ka BP (Molloy et al., 2009). For Unit I
(Mangaone), the ZDD age of 31.5 + 5.2 ka BP is concordant with the
preferred optimum '#C 26 age range of 30.9—31.2 cal ka BP based
on pooled high-precision C data obtained on charcoal from
Jurado-Chichay (2000) and our study. The ZDD age of 30.9 + 5.6 ka
BP is the first radiometric age reported for Unit J (Awakeri), and is
concordant with the bracketing *C 2 age ranges of 30.9—31.2 and
31.2—-33.7 cal ka BP from underlying Unit I (Managone) and
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Fig. 8. Comparison of Bayesian age sequence modelling results based on different
input parameters as specified in the text. Note the insignificant difference in ages (solid
lines) and 95% HPD regions between the three tested models (see text), demonstrating
the robustness of the adopted Bayesian approach and its immunity to anomalous ages.
Numerical results can be found in Supplementary Table S4.
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overlying Unit K (Omataroa), respectively. The 31.2—33.7 cal ka BP
20 age range for Unit K (Omataroa) overlaps with the ZDD age of
31.2 + 4.4 ka. The concordance of ages from two independent
radiometric dating methods suggests that both methods are accu-
rate because they are dating the same eruption event (as deter-
mined by stratigraphy). Accepting the optimum C ages as the
‘gold standard’ for eruption age estimation, the excellent agree-
ment of C ages and ZDD ages demonstrates the accuracy of
eruption ages derived by ZDD.

The precision of the ZDD eruption ages (i.e., 12—18% age un-
certainties at 2¢) is lower than typical ZDD uncertainties of 5—12%
(20) reported in literature. The precision of ZDD eruption ages is
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Fig. 9. Posterior distribution graphs for probability densities (curves) of the eruption
ages predicted by Bayesian age sequence model in ChronoModel v. 2.0. The 95%
highest posterior density (HDP) regions are represented by the horizontal bars above
the curves and by the grey filled areas under the curves. Labels: name of the eruption/
tephra; the mode of the posterior distribution (i.e., maximum a posterior probability or
‘MAP’) in cal ka BP; 95% HPD in cal ka BP. Numerical results can be found in
Supplementary Table S4.

usually related to (over-)dispersion of single crystal (U—Th)/He ages
associated with complexities inherent in (U-Th)/He dating sys-
tematics (Vermeesch, 2010; Danisik et al., 2017b), and not to the
analytical uncertainty of actual measurements. In the case of the
data for the MSg tephra sequence generated in this work, the
dispersion of single crystal (U—Th)/He ages is not large, with MSWD
values close to unity. Instead, the major source of ZDD uncertainty
stems from the low He content (and hence large uncertainty
associated with He measurements; Table 3), which is related to the
young cooling age of the crystals, and to an unusually low U content
(ca. 100 ppm on average), significantly lower than typical U con-
centrations in zircon (300—600 ppm; e.g., Wagner and Van den
haute, 1992).

Although the ZDD ages are accurate, precision could likely have
been improved by increasing the number of dated crystals. In this
study we aimed for 7 to 9 crystals to be double-dated per sample.
While we acknowledge that some studies dated up to ~20 repli-
cates per sample in order to achieve high precision ZDD eruption
ages (e.g., Danisik et al., 2012; Coble et al., 2017), we nevertheless
considered 7—9 crystals an adequate number to obtain the desired
precision of 5—12% (2c) following the example of some other
studies (e.g., Schmitt et al., 2011; Molnar et al., 2018). To test
whether a larger number of grains per sample would improve
precision, we combined the disequilibrium corrected (U-Th)/He
ages of samples NZ18-1, NZ18-2, and NZ18-3, respectively, from
Unit I (Mangaone), ] (Awakeri), K (Omataroa), i.e., samples with
overlapping eruption ages. The resulting weighted mean values of
31.0 + 3.4 ka (NZ18-1 and NZ18-2 combined; n = 17; MSWD = 1.01)
and 31.2 + 2.9 ka (all 3 samples combined; n = 24; MSWD = 1.17)
have an uncertainty of 11% and 9.2%, respectively, which are within
our desired precision range for the ZDD approach. These results
also show that analysing ~15 crystals of low-U MSg zircon per
sample should suffice to generate reasonably precise ages.

The new data demonstrate the capability of ZDD to yield accu-
rate eruption ages. Nevertheless, it should be noted that ZDD ac-
curacy can be affected by several factors. These include the
presence of mineral or fluid inclusions potentially leading to older
than expected (U—Th)/He ages (e.g., Danisik et al., 2017b), incom-
plete resetting of xenocrysts (e.g., Blondes et al., 2007; Ulusoy et al.,
2019), heterogeneous distribution of parent nuclides impacting the
alpha ejection correction (Hourigan et al.,, 2005; Danisik et al.,
2017b), and simplified assumptions about duration of zircon crys-
tallization and parental melt composition potentially affecting the
magnitude of disequilibrium correction (Schmitt, 2011; Storm et al.,
2012; Boehnke et al., 2013; Danisik et al., 2017a). In our study, we
followed a routine, well-established workflow and used optical
microscopy to select euhedral, inclusion free crystals. However, no
special effort was made to characterize crystal interiors for U-Th
zonation or complexity of crystallization history. Although this
“rudimentary” approach arguably yielded accurate ZDD eruption
ages as demonstrated by the concordance with C data, we
emphasize that more detailed crystal characterization may be
critical in other ZDD studies.

5.2. Eruption age sequence modelling using Bayesian inference

In order to integrate and utilize all the information from the
available dataset and well-defined stratigraphy, we built a Bayesian
age sequence model using ChronoModel v. 2.0 software (Lanos and
Dufresne, 2019). In doing so we aimed to: (i) develop a robust,
comprehensive and up-to-date eruptive chronology for the MSg
tephra beds; (ii) realistically estimate the ages and quantify age
uncertainties for those tephras that have not been directly radio-
metrically dated; and (iii) test the sensitivity of the Bayesian model
to different types of input data.
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The schematic structure of the model was described in Section
3.3.In brief, a sequence of 14 events is defined, representing 13 MSg
tephras and the Tahuna tephra in stratigraphic order as defined in
Smith et al. (2005) and Wilson et al. (2009) (Table 1). The sequence
is bracketed from the bottom by the Rotoiti and Earthquake Flat
events with assigned eruption ages of 45.2 + 1.65 and 45.2 + 1.45 ka
BP (Danisik et al., 2012), respectively, and by the Oruanui/Kawa-
kawa event at the top with an eruption age of 25.4 + 0.2 cal ka BP
(Vandergoes et al, 2013; see also Dunbar et al, 2017)
(Supplementary Figure S1). Three models with different input pa-
rameters were constrained as follows (Supplementary Table S1):
Model 1 took into account only 'C data that we considered to be of
the highest quality available for each tephra as specified in Table 2.
These data were complemented in Model 2 with the ZDD data. In
Model 3 we considered all “C data, regardless of quality, and the
ZDD data.

Results presented in Fig. 8 show that the posterior eruption ages
and uncertainties predicted by the three models are almost iden-
tical. Only a subtle difference in age uncertainty of <0.5 ka is pre-
sent in the modelled ages for Units [ (Mangaone), ] (Awakeri), and K
(Omataroa), with Model 3 predicting the lowest, and Model 2 the
highest, uncertainties (Fig. 8). The excellent overall similarity of the
posterior eruption ages predicted by the three models demon-
strates that our modelling approach based on hierarchical Bayesian
inference is not significantly affected by the presence of outliers
and offers a robust means to estimate the chronology of eruption
events based on multiple geochronological data combined with a
priori information from stratigraphic superpositioning.

For interpretation purposes, we adopt the posterior distribu-
tions of Model 2, based on the highest quality 'C and ZDD data, as
our best estimates for eruption ages for all the MSg tephras (Fig. 9).
These results constrain the duration of MSg activity between
42.7°37 and 30.6*9¢ ka BP (MAP + 95% HPD) based on posterior
distributions for Unit A and Unit L, respectively. The beginning of
MSg activity is of particular importance here because this age was
only indirectly estimated based on the age of underlying Rotoiti/
Rotoehu deposits, which for several decades had been considered
to be in the 64—61 ka range (Wilson et al., 1992, 2007). Neverthe-
less, some authors estimated the onset of MSg activity to have
taken place ~44—43 ka (no uncertainties provided; Jurado-Chichay
and Walker, 2000; Wilson et al., 2009; Leonard et al., 2010). Our
modelled onset age (~43 ka) implies that several volcanic deposits
that occur in stratigraphic juxtapositions between the Rotoiti/
Rotoehu and MSg tephras are younger than previously considered
(e.g., six un-named eruptives from Taupo caldera, and the Forest Rd
dome tephra from Maroa caldera, reported in Wilson et al., 2009,
and the Otake, Waihora, and Tihoi tephras, reported in Vucetich
and Howorth, 1976; Froggatt and Lowe, 1990; Wilson et al.,
2009). Our results also suggest a much shorter period of quies-
cence between the Rotoiti/Rotoehu and MSg events, lasting no
more than a few thousand years, which has implications for
calculation of magma eruption rates for the OVC. Finally, in addition
to Unit A (42.73:; ka BP), based on the new data herein, we pro-
pose the following ages and uncertainties for previously undated

MSg tephras: Unit B (Ngamotu) 39.6f?:g; Unit C1 (Pupuwharau)
37‘7f}j‘51; Unit C2 (Pongakawa) 36‘6ﬂ18; Unit G 33.83:3; and UnitH
31.8"28ka BP (MAP + 95% HPD).

5.3. Implications for magmatic evolution of the Okataina Volcanic
Centre

In addition to eruptive chronology, ZDD may provide insights
into the dynamics of magmatic systems via direct provision of
zircon U-Th crystallization ages (Schmitt, 2011). Although our
dataset for the four dated tephras is of smaller size (n = 59) and
lacks information on trace element or isotopic composition of
zircon, the U—Th age spectra allow us to identify some features that
may further improve understanding of the dynamics of the OVC
magma reservoir.

Model age spectra for all four tephras are broad and contain ages
that record a crystallization age that is >30 kyrs older than the
eruption age (Figs. 6 and 10). This finding is consistent with the
interpretation that the OVC zircons were most likely extracted from
a crystal mush that may have existed at depth long before the
eruptions (Storm et al., 2011). The presence of >45 ka crystallization
ages in all dated MSg tephras confirms that the climactic pre-MSg
Rotoiti eruption at ca. 45 ka did not exhaustively depleted the
OVC crystal reservoir and that a significant number of zircon
crystals survived this extraction event (Storm et al., 2011).

The model age spectrum for Unit D (Maketu) is broad and
unimodal with a dominant peak at ca. 62 ka. The majority of ages
are older than the 45 ka caldera-forming Rotoiti eruption, doc-
umenting that zircon crystallized from at least ca. 110 ka up until
eruption at ca. 36 ka, and that most were formed prior to the Rotoiti
event (Fig. 10). In contrast to that of Unit D (Maketu), the model age
spectra for Units I (Mangaone), ] (Awakeri), and K (Omataroa) are
narrower and unimodal, with dominant peaks at ca. 41—45 ka,
documenting that these zircon grains not only crystallized from ca.
90 ka until their eruption at ca. 30—32 ka, but also that zircon
crystallization peaked at ca. 41—45 ka, shortly before, during, or
shortly after the Rotoiti eruption event (Fig. 10).

Similar patterns can be seen in the zircon U-Th age spectra
reported by Charlier and Wilson (2010) for Unit B (Ngamotu) and
Unit I (Mangaone). The U—Th age spectrum for Unit B (Ngamotu)
(Charlier and Wilson, 2010) is similar to that obtained in this work
for Unit D (Maketu), namely broad, more complex, and with a major
population (ca. 70 ka) older than the Rotoiti event. Notably, both
spectra are similar to the U-Th model age spectrum for Rotoiti
zircons (Fig. 10). These data suggest that Unit B (Ngamotu) and Unit
D (Maketu) eruptions sampled zircon crystals from a reservoir that
crystallized and stored zircons long before the Rotoiti eruption. The
zircon U-Th age spectrum for Unit I (Mangaone) reported by
Charlier and Wilson (2010) has a dominant peak at ca. 45 ka, coeval
with the Rotoiti event, and similar to the spectra for Units I (Man-
gaone), ] (Awakeri), and K (Omataroa) from our work, suggesting
that although some zircon crystals were sourced from a long-lived
part of the magma reservoir, the majority formed shortly before,
during, or shortly after the Rotoiti event. From this inference we
suggest that Units I (Mangaone), ] (Awakeri), and K (Omataroa)
eruptions tapped magma from the same domain of the reservoir
and that this domain was geochronologically distinct from those of
Unit B (Ngamotu) and Unit D (Maketu).

The difference in U-Th age patterns between Old MSg and
Young MSg tephras, first observed by Charlier and Wilson (2010)
and corroborated and complemented here, is consistent with the
well-documented shift in composition, temperature, and vent

(2009). The age for the caldera-forming Rotoiti eruption is projected across all the post-Rotoiti eruptions. Note that Unit I (Mangaone) eruption was the first one to provide the
majority of zircon crystals that formed during or after the Rotoiti eruption, whereas Unit B (Ngamotu) and Unit D (Maketu) sourced mostly pre-Rotoiti zircon crystals. Also note that
the majority of zircon crystals erupted from OVC in the past 45 kyrs formed shortly before, during, and shortly after the Rotoiti event as suggested by the major age population of
49 + 10 ka comprising 39% of all dated crystals. This finding is consistent with the onset of increasing diversification of trace element and isotopic compositions in OVC zircon
starting at ca. 60 ka (Rubin et al., 2016) and major ‘reorganization’ of the OVC caldera during and after the Rotoiti event (Shane et al., 2005a,b; Smith et al., 2005; Storm et al., 2014;
Rubin et al., 2016). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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location within the MSg (Jurado-Chichay and Walker, 2000; Smith
etal., 2002, 2005). Whereas Unit B (Ngamotu) and Unit D (Maketu)
tephras are low-SiO; rhyolite and rhyodacite, respectively, erupted
at 935 °C presumably from the south western (Unit B (Ngamotu))
and north-central (Unit D (Maketu)) parts of the OVC, Units I
(Mangaone), ] (Awakeri), and K (Omataroa) are high-SiO, rhyolites
that were erupted at lower temperatures (755—828 °C) from the
eastern margin of the OVC (Jurado-Chichay and Walker, 2000;
Smith et al., 2002, 2005). These changes show that MSg tephras
were derived from compositionally and geographically distinct
domains below the volcano, progressing to more evolved, cooler,
and possibly shallower magmas (Jurado-Chichay and Walker, 2000;
Smith et al., 2002, 2005), and have been attributed to ‘reorgani-
zation’ of the OVC magma reservoir following the caldera collapse
at ca. 45 ka (Shane et al., 2005a; Klemetti et al., 2011; Storm et al.,
2014). Based on patterns in trace element and Hf isotopic data
collected from Rotoiti and post-MSg tephras (Klemetti et al., 2011;
Storm et al., 2014; Rubin et al., 2016), it has been shown that the
reorganization resulted in less effective interconnectedness within
the OVC reservoir and its segregation into chemically distinct melt
pockets which did not exist prior to caldera collapse (Rubin et al.,
2016). Similarly, Cole et al. (2014) suggested from analyses of Unit
I (Mangaone) (referred to as Kawerau Ignimbrite) that it reflected
two discrete magmas, hence providing evidence for the existence of
multiple discrete magmas in the OVC. Our geochronological results
confirm the model of chemically distinct melt pockets and, further,
suggest that the degree of interconnectedness within the OVC
magmatic system decreased during the MSg eruption period, most
likely between the eruption of Unit D (Maketu) and Unit I
(Mangaone).

Our new data complement the existing dataset of U-Th ages
reported for other major eruptions of the OVC (Charlier and Wilson,
2010; Klemetti et al., 2011; Storm et al., 2011; Danisik et al., 2012;
Rubin et al,, 2016). We acknowledge that previous studies con-
ducted U—Th SIMS analyses on different parts of zircon crystals
(e.g., rim analysis on surfaces, rim analysis on sectioned and pol-
ished crystal surfaces, core analysis on sectioned and polished
crystal surfaces), and therefore the U—Th ages may record different
stages of crystal growth and not necessarily the last stage of zircon
crystallization. Nevertheless, the data can be used as a proxy to
identify periods of zircon crystallization.

The age spectrum of all currently available U-Th ages for the
OVC (Fig. 10) confirms quasi-continuous zircon crystallization un-
der OVC since at least ca. 250 ka (Storm et al., 2011; Klemetti et al.,
2011). Principle component analysis using the ‘auto’ mixture model
implemented in DensityPlotter 7.3 (Vermeesch, 2012) revealed two
dominant age populations at 49 + 10 ka (1 standard deviation; 39%
fraction) and 28 + 6 ka (1 standard deviation; 28% fraction), and
three subordinate components at 9 + 10 ka (1 standard deviation;
8% fraction), 79 + 24 ka (17% fraction), and 130 + 51 ka (8% fraction).
The dominant 49 + 10 ka age population suggests that the majority
of zircon crystallized prior to, during, and after the caldera-forming
Rotoiti eruption. This result is consistent with an observed increase
in the variability of zircon isotopic and trace element compositions
which started after ca. 60 ka and is most pronounced in post-Rotoiti
zircon crystallized at 40—20 ka (Storm et al., 2014; Rubin et al,,
2016). It is notable that the latter age range is consistent with the
second dominant population of 28 + 6 ka. It has been hypothesised
that the change of reservoir behaviour at ca. 60 ka was related to
increased rate of extension and/or changes in thermal flux at the
OVC (Smith et al., 2005; Rubin et al., 2016).

6. Conclusions and outlook

A well-established sequence of Mangaone Subgroup tephras

from the Okataina Volcanic Centre (New Zealand) was used as a
natural laboratory to conduct a cross-validation experiment in
which we tested the accuracy of eruption ages derived using ZDD
against published and new 'C eruption ages. ZDD eruption ages of
36.1 + 4.4, 31.5 + 5.2, 309 + 5.6, 31.2 + 4.4 ka BP for Units D
(Maketu), I (Mangaone), ] (Awakeri), K (Omataroa), respectively, are
statistically indistinguishable from optimum !#C-based eruption
ages on the same or stratigraphically bracketing tephras. These
results demonstrate the feasibility of ZDD to date eruption ages
accurately.

The relatively low precision of our ZDD eruption ages (12—18%
age uncertainties at 2¢) stems primarily from the low U content in
dated zircon, relatively young eruption age, and low number (i.e.,
7-9) of single grain replicates analysed per sample. The precision
could be lowered to <10% (25) by analysing more (~20) replicates.
Although the number of replicates will always be sample specific
and dependent on several factors (eruption age, crystal availability,
U-Th content, capacity of analytical facilities, budget), in general
we tentatively recommend analysing 7—20 crystals per sample to
achieve reasonable ZDD precision.

U—Th zircon crystallization data revealed that the majority of
zircon crystals from Unit D (Maketu) crystallized prior to the
caldera-forming Rotoiti (Rotoehu) eruption at ca. 45 ka. In contrast,
the majority of zircon from Units [ (Mangaone), ] (Awakeri), and K
(Omataroa) crystallized during or shortly after the Rotoiti eruption
and were likely derived from a distinct reservoir domain. This age
difference is consistent with the change in composition, tempera-
ture, and vent location for Old and Young MSg tephras, confirming
decreasing interconnectedness within the OVC reservoir, and
providing further geochronological evidence for the complexity of
the OVC magma reservoir.

Based on the new ZDD ages, and new and published '“C data, we
present a revised geochronology for all 13 MSg tephras determined
by a Bayesian age sequence model built in ChronoModel v. 2.0
software. The revised eruption ages (+95% HPD regions) for the
MSg tephras, and the Tahuna tephra, are: 42.737(Unit A), 39.6713
(Unit B (Ngamotu)), 38.471-(Tahuna), 37.7713(Unit C1 (Pupu-
wharau)), 36.671:5(Unit C2 (Pongakawa)), 36.1°53 (Unit D),
35.6"98 (Unit E), 35.2715 (Unit F), 33.8"1) (Unit G), 31.872% (Unit
H),31.1*}9 (Unit1),31.053 (Unit]), 30.8*9§ (Unit K), and 30.679-2
ka BP (Unit L). These results refine the existing eruptive geochro-
nology in New Zealand by constraining the beginning of the MSg
phase to 42.73;; cal ka (Unit A), and by providing comprehensive
estimates of eruption ages and age uncertainties for MSg units that
have not been directly dated previously. The frequency of eruption
for the entire MSg tephra sequence of 13 episodes, emplaced over
an interval of ~12,100 cal years, is every ~930 years on average.

Our study demonstrates the efficacy of ZDD to yield accurate
eruption ages and highlights its potential for dating eruption events
considerably younger than 1 Myr, which are challenging to date by
other geochronological methods. While ZDD can be applied to
numerous silicic and other zircon-producing volcanic centres on
Earth, we suggest that our study may provide an impetus for wider
and systematic application of ZDD in New Zealand. There is an
exceptionally well-documented record of numerous regionally
important, yet undated, silicic volcanic deposits aged from ca. 50 ka
to 1 Ma in New Zealand, many of which would be excellent targets
for development of a high-precision tephrostratigraphic framework
extending well beyond the conventional limits of #C.
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