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Abstract 

Accurate dating of young eruptions from explosive volcanoes is essential for forecasting future eruptions 
and for defining the hazardscape of volcanic fields. However, precise dating of Quaternary eruptions is often challeng-
ing due to limited number of applicable dating methods or lack of datable eruptive phases. Moreover, small volume 
eruptions (e.g., monogenetic type), despite their significance on regional scale, have traditionally deserved less atten-
tion than their large volume counterparts. Puketerata is a maar-lava dome complex in the central Taupō Volcanic 
Zone (New Zealand), encompassing mafic and silicic phreatomagmatic eruptions with well-preserved pyroclastic 
deposits sourced from closely spaced vents. Its most recent activity is estimated to ca. 16 ka based on medial and dis-
tal stratigraphic surveys. Here, we carried out two independent age determinations and an additional paleomagnetic 
analysis on the volcanic succession of the Puketerata maar-lava dome complex with an aim to unravel the timing 
of volcanic activity. Combined U-Th disequilibrium and (U-Th)/He dating of zircon from two lava domes yielded erup-
tion ages of 11.3 ± 2.6 ka and 11.3 ± 1.7 ka, which are concordant with the radiocarbon ages of 11.3–11.7 ka obtained 
on charcoal from the base of the pyroclastic sequence. Paleomagnetic data on the lavas from the two lava domes 
suggest at least ~ 100 years difference between their emplacements. Our geochronological results and new strati-
graphic observations suggest that the volcanic/magmatic history of the Puketerata is complex with multiple erup-
tions within a small, confined area, where the most recent eruptions occurred only at ca. 11.5 ka, which is significantly 
younger than previously thought. This provides an additional datum for volcanic hazards assessment and stratigraphic 
correlations in New Zealand.
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Graphical Abstract

Introduction
Small-volume volcanism is most frequently associated 
with volcanic fields (e.g., Németh 2010). However, small-
volume eruptions have also been reported from large 
silicic caldera systems, such as the central Taupō Vol-
canic Zone (TVZ), New Zealand, where they are spatially 
and temporally dispersed among the much larger volume 
caldera forming eruptions (Kósik et al. 2020; Sourisseau 
et al. 2020). Small-volume eruptions are generally fed by 
small-volume magma batches, their duration is rather 
short (hours to months) and they create a new vent and 
form simple types of volcanoes such as scoria cones or 
lava domes (Németh 2010; Smith and Németh 2017). In 
many cases, the architecture of these volcanoes can be 
complex due to the changes in eruption style that are 
affected by the variability of the eruption site environ-
ment during magma venting (e.g., Valentine and Gregg 
2008; Németh 2010; Kurszlaukis and Fulop 2013; Németh 
and Kereszturi 2015; Smith and Németh 2017; Kósik et al. 
2021, 2022). Dating of eruption phases of small-volume 
eruptions is often challenging due to the lack of suffi-
ciently accurate and precise dating techniques (e.g., Fulop 
and Kurszlaukis 2014; Chako-Tchamabé et al. 2016).

The Puketerata (or Puketarata) Volcanic Complex 
(PVC) is a complex small-volume volcano, comprising 
two silicic lava domes and several coalesced maar cra-
ters along a ≥ 2.5 km long fissure vent in the central TVZ 
(Kósik et  al. 2019). The significance of the PVC lies in 
the intact nature of its pyroclastic successions (e.g., well 
preserved tuff rings) particularly at proximal and medial 
locations, which has enabled characterisation of the 
complex nature of a rhyolitic explosive to effusive small-
volume eruption (Brooker et al. 1993; Kósik et al. 2019). 
However, the timing of this eruption is disputable.

Inferring from the well-preserved nature of the pyro-
clastic deposits and morphology of the ejecta ring that 
surrounds the larger dome, Lloyd (1972) suggested that 
the eruptions of PVC are significantly younger than other 
nearby small eruptions. The hitherto accepted age of 
ca. 16 ka for the PVC activity (e.g., Leonard et al. 2010) 
has been derived from early stratigraphic observations 
(Vucetich and Pullar 1969, 1973; Lloyd 1972; Topping 
1973; Topping and Kohn 1973; Lowe 1988). However, 
many of the observations were made at locations that 
were shown unlikely to receive tephra fall from the PVC 
eruption based on isopach maps (Lloyd 1972; Brooker 
et  al. 1993) and the characterisation of explosive activ-
ity (Kósik et  al. 2019). No absolute dating has been 
attempted on the PVC so far.

In this study, we aim to address this issue and attempt 
to date the PVC volcanic activity by employing a range 
of dating methods. These include combined U-Th dis-
equilibrium and (U-Th)/He dating of zircon (a.k.a. zir-
con double-dating or ZDD; Schmitt et  al. 2006; Danišík 
et al. 2017) applied to samples from two lava domes, and 
also radiocarbon (14C) dating of charcoal extracted from 
underlying sequences. In addition, to further investi-
gate the complex nature of the activity with common 
changes of eruption styles documented for PVC earlier 
by Brooker et al. (1993) and Kósik et al. (2019), we apply 
a novel methodology based on the difference of paleo-
magnetic attributes of the lavas from the two lava domes 
and also present stratigraphic and sedimentological 
observations for a newly discovered exposure displaying 
the PVC sequence. Our findings not only put into ques-
tion the currently accepted age and stratigraphic posi-
tion of Puketerata tephra, but also suggest that the time 
gap between the emplacement of the two lava domes was 
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sufficiently long to subdivide the activity to two separate 
volcanic events.

Geological setting
The TVZ is a rifting arc located at the southern end of the 
Tonga-Kermadec arc and has been forming for the past 2 
Myrs as a result of the oblique subduction of the Pacific 
plate underneath the Indo-Australian plate and the asso-
ciated back-arc extension (e.g., Cole 1990; Davey et  al. 
1995; Wilson et  al. 1995; Acocella et  al. 2003; Wallace 
et al. 2004; Spinks et al. 2005; Reyners 2013). The north-
ern (Bay of Plenty) and the southern parts (Tongariro 
Volcanic Centre) of the TVZ are characterised by mostly 
andesitic volcanism, while the central TVZ is dominated 
by rhyolitic volcanism that has formed seven calderas/
caldera complexes with hundreds of lava domes over the 
past 350 kyrs (Wilson et al. 1995; Spinks et al. 2005; Kósik 
et al. 2020). The PVC is in the rhyolitic central segment 
of the TVZ within the Whakamaru caldera formed at 
ca. 350 ka (Brown et al. 1998; Downs et al. 2014). Post-
caldera volcanism was mostly characterised by lava dome 
emplacement and associated explosive activity occurring 
irregularly after 305 ka (Leonard et al. 2010). The loci of 
dome forming eruptions are two linear vent zones in the 
central part of the caldera (identified as Maroa Volcanic 
Centre—MVC; Leonard 2003; Leonard et al. 2010), simi-
larly to the present settings of Okataina Volcanic Centre 
(Nairn 2002).

The PVC represents the youngest dome forming event 
at the southern margin of MVC (Leonard 2003) with 
well-preserved pyroclastic density current (PDC)-domi-
nated successions (Brooker et al. 1993; Kósik et al. 2019). 
The PVC formed on a fault-bounded, gently incised ign-
imbrite-dominated topography (Fig.  1b). The proximal 
and medial sequences of the PVC are usually underlain 
by a 1–2 m thick sandy soil and loess (Vucetich and Pul-
lar 1969), which were deposited on the erosion surface 
of multiple ignimbrite sheets (e.g., Orakonui Formation 
(254 ka) and Oruanui Formation (25.4 ka); Leonard 2010) 
and pyroclastic sequences of the undated Te Hukui Basalt 
(Kósik et  al. 2017). The eruptive vents of the PVC were 
formed along a lineament parallel to the nearby NE-
trending Orakeikorako Fault. At the examined proximal 
and medial exposures of Puketerata the only collectable 
overlaying tephra is associated with the 1.8  ka Taupo 
Pumice Formation (Hogg et  al. 2012), whereas the stra-
tigraphy proposed by Vucetich and Pullar (1969, 1973) 
could not been confirmed (Kósik et al. 2019).

The Pukaterata activity has been divided into two 
phases based on the volcanic architecture (Fig.  1c). The 
initial phase has created multiple coalesced maar cra-
ters in linear arrangement along the NE-SW trending 
Orakeikorako Fault. The second phase was manifested 

by lava effusion from two separate vents forming two 
lava domes and phreatomagmatic to Vulcanian activity 
from the vents of the larger dome located at the SW end 
of the fissure (Brooker et al. 1993; Kósik et al. 2019). The 
smaller dome is located in a lower topographic position 
and is partly covered by a thick layer of tephra associated 
with the activity of the larger dome (Kósik et  al. 2019). 
This indicates that the vents of the larger dome remained 
active after the emplacement of the smaller dome. The 
morphology of the two domes and the chemical com-
position and petrography of their rhyolites are slightly 
different (Kósik et  al. 2019). The smaller lava dome has 
a simple shape with steep sides indicating high yield 
strength at the time of extrusion, whereas the larger 
lava dome is more irregular in shape indicating multiple 
growth and destruction cycles during its emplacement 
(Kósik et  al. 2019). Major element geochemistry shows 
lower  SiO2 and higher  TiO2, FeO* and MgO for the rhyo-
lite of the larger dome beyond standard deviations (Sup-
plementary table 1).

Zircon U-Th disequilibrium model ages reported for 
Puketerata rocks by Wilson and Charlier (2009) range 
between 151 ± 17 and 14.8 ± 3.1  ka and indicate a peak 
crystallization period at ca. 25  ka. The youngest zircon 
crystallization age is within analytical error of the strati-
graphically inferred eruption age (ca. 16  ka), but U-Th 
ages are crystallization ages that only provide a maxi-
mum limit for the eruption age.

Samples and methodology
Radiocarbon dating
With the aim to unfold the eruptive history of Puketer-
ata, one sample of charcoal for 14C dating was collected 
from the base of the Puketerata pyroclastic succession 
exposed in the gully between the ejecta ring east of the 
larger dome and the Orakeikorako Fault (locality 3–23 in 
Figs. 1c and 2). The sample was dated using Accelerator 
Mass Spectrometry (AMS) at the Institute of Accelera-
tor Analysis Ltd. (Japan) equipped with a 3 MV Tandem 
Accelerator system (NEC Pellerton, 9SDH-2). Prior to 
analysis, the trimmed sample block was dispersed in 
pure water by ultrasonic washer and sieved to remove 
contamination. The dried sample was purified by rou-
tine acid–alkali–acid (AAA) treatments. The pre-treated 
sample was oxidized by heating to generate  CO2 and the 
 CO2 was cryogenically liberated and purified in a vacuum 
line. The derived  CO2 was reduced catalytically to graph-
ite on Fe-powder. The carbon in the graphite was ionized, 
and the ionized carbon was accelerated and measured 
via AMS systems to detect the 14C atoms, the ratio of 
13C/12C and 14C/12C atom with NIST oxalic acid (HOxII) 
as the standard reference material. The AMS 14C value 
was corrected for isotopic fractionation and calibrated 
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to calendar years using the OxCal 4.3.2 program (Bronk 
Ramsey 2017) with the SHCal20 calibration curve (Hogg 
et al. 2020).

Zircon double‑dating
Two samples (NZ-19 and NZ-20) of the fragments from 
lava domes (localities 3–04 and 3–16, respectively, in 
Fig.  1c) were dated by zircon double-dating (ZDD) to 
constrain zircon crystallization and eruption history. 
Sample NZ-19 (locality 3–04 in Fig.  1c) was collected 
from the edge of the small lava dome; sample NZ-20 
(locality 3–16 in Fig.  1c) was collected from the pyro-
clastic deposits emplaced during the formation of the 
large lava dome. The samples were split into 3–5 cm frag-
ments some of which were submitted to Labwest Miner-
als Analysis Pty Ltd. (Perth, Australia) for trace element 
analysis by solution ICP-MS (Perking Elmer 296 NexION 

300Q) to determine the whole rock Th/U values that are 
required for ZDD age calculation (Schmitt 2011; Danišík 
et  al. 2017). The remaining rock fragments were sepa-
rated for zircon following a standard workflow for heavy 
mineral separation at the John de Laeter Centre, Curtin 
University, Australia. The procedure included disaggre-
gation by SelFrag, magnetic and heavy liquid separation, 
hand-picking under a binocular microscope and rinsing 
in cold 40% HF to remove adhering glass (Danišík et al. 
2020).

Zircon crystals were submitted to the Heidelberg Ion-
Probe (HIP) Laboratory at the Institute of Geosciences, 
Heidelberg University (Germany), for U-Th disequilib-
rium analysis to constrain crystallization ages that are 
required for the disequilibrium correction of (U-Th)/He 
dates (Farley et al. 2002; Schmitt et al. 2006, 2010). Zir-
con crystals were embedded in indium (In) metal with 

Fig. 1 a Digital elevation model showing the geographic location of the Taupō Volcanic Zone (TVZ) and the study area within the New Zealand 
North Island and its relative position to the plate boundary. Background bathymetric information is derived from the 250 m resolution gridded 
bathymetric data from National Institute of Water and Atmospheric Research (NIWA) 2016. AKL Auckland, TRG  Tauranga, WLG Wellington. b 
Topography of the broader area of Puketerata maar—lava dome complex with main roads and investigated medial to distal exposures of Puketerata 
deposits (red circles). Yellow dashed rectangle indicates the extent of inset c. The coordinate system is given in New Zealand Transverse Mercator 
2000 (NZTM2000) projection. c Volcanic architecture of the PVC: red shaded areas—lava domes; black dashed line—rim of the tuff ring surrounding 
the larger lava dome; white dashed lines—rims of maar craters; white squares with IDs—the sites for paleomagnetic sampling. Hillshade raster for b, 
c was derived from the 8 m NZ DEM (LINZ—Land Information New Zealand, 2012, https:// data. linz. govt. nz/)

https://data.linz.govt.nz/
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unpolished crystal faces exposed at the surface, levelled, 
and coated with a conductive layer of gold. Crystal rims 
were dated by U-Th disequilibrium methods with a 
CAMECA IMS 1280-HR (SIMS) following the proto-
cols for dynamic multi-collection analysis described by 
Schmitt et al. (2017) and Friedrichs et al. (2020).

After the SIMS analysis, zircon crystals were plucked 
out of the In based on their size, shape and crystallization 
age in the JdLC Western Australia ThermoCHronology 
(WATCH) Facility (Curtin University), photographed, 
measured for physical dimensions, and dated by con-
ventional single grain (U-Th)/He dating procedures as 
detailed in Danišík et al. (2020). 4He was analyzed by iso-
tope dilution on an Alphachron II instrument; U and Th 
were analyzed by isotope dilution on an Element XR™ 
High Resolution ICP-MS. The total analytical uncer-
tainty (TAU) was calculated as a square root of sum of 
squares of uncertainty on He and weighted uncertainties 
on U, Th, and He measurements. The raw zircon (U-Th)/
He dates were corrected for alpha ejection (Ft correc-
tion) after Farley et  al. (1996), whereby homogenous 
distributions of U and Th were assumed for the crystals. 

The accuracy of the zircon (U-Th)/He dating procedure 
was monitored by replicate analyses of internal stand-
ard Fish Canyon Tuff zircon where crystals measured 
over the course of this study yielded a mean (U-Th)/He 
age of 28.4 ± 1.7  Ma (95% conf. int.; n = 3; Supplemen-
tary table  1), in excellent agreement with the reference 
(U-Th)/He age of 28.3 ± 1.3  Ma (Reiners 2005). The Ft-
corrected (U-Th)/He dates were corrected for U-series 
disequilibrium and pre-eruptive crystal residence time 
(Farley et  al. 2002) using MCHeCalc software (Schmitt 
et al. 2010). The  D230 parameter (Farley et al. 2002) was 
calculated by dividing zircon Th/U values by whole-rock 
Th/U, and assuming secular equilibrium as indicated by 
published whole-rock data (Wilson and Charlier 2009). 
For the  D231 parameter, defined analogous to  D230, a value 
of 3.3 was adopted based on an average of published 
Pa/U zircon-rhyolite melt partition coefficient values 
(Schmitt 2007, 2011; Sakata et  al. 2017). Disequilibrium 
corrected (U-Th)/He dates were then used to calculate 
error-weighted mean values (with 95% confidence inter-
vals), which are interpreted as the eruption age of each 
sample (termed ZDD eruption age).

Fig. 2 Geological context of charcoal and paleomagnetic sampling; a Locality 3–23 (Fig. 1c) with the base of the main pyroclastic sequence. 
White dashed line represents the contact between pre-Puketerata paleosol and Puketerata pyroclastic deposits. b Close-up view to the base 
of the pyroclastic sequence at locality 3–23 with the dark strata with charcoal content indicated by white arrow. c Paleomagnetic sampling 
at locality P6 (Fig. 1c) from the larger lava dome. d Paleomagnetic sampling at locality P2 from the smaller lava dome
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Paleomagnetic sampling and sample preparation
Sampling for paleomagnetic analysis was conducted at 
two locations on the large dome (sites P3 and P6; Fig. 1c) 
and two locations on the small dome (sites P1 and P2; 
Fig.  1c). At each location, homogenous parts of stable 
(not deformed) outcrop of lava domes were identified, 
and from these six closely spaced and ≥ 5 cm long cores 
were drilled (Fig. 2). Prior to removal from the outcrop, 
the cores were oriented using a magnetic compass and 
inclinometer. The measured azimuth was corrected for 
the local declination of 21° East (ref: International Geo-
magnetic Reference Field (IGRF-13)).

Cores were cut into ~ 2  cm long specimens for paleo-
magnetic measurements. Natural remanent magnetiza-
tion (NRM) was measured using AGICO JR6 spinner 
magnetometer prior to and following stepwise thermal 
demagnetization at up to a peak temperature of ~ 630 °C 
using a TD-48, ASC Scientific furnace at Ibaraki Uni-
versity, Japan. Characteristic remanent magnetizations 
(ChRM) were subsequently determined by principal 
component analysis (Kirschvink 1980). ChRM directions 
were selected from the most stable component towards 
the origin, and sample data selected if the maximum 
angular deviation (MAD) was less than 5° (Supplemen-
tary table  1). Unit mean directions and 95% confidence 
intervals were calculated from individual specimen 
ChRM directions.

Results
Radiocarbon age
The charcoal sample (3–23) yielded a carbon isotopic 
ratio (δ13C) of 26.10 ± 0.48‰ and a conventional 14C 
age (Libby age) of 10.067 ± 0.034  ka BP (Supplementary 
table  1). This age corresponds to two calibrated (95.4% 
probability) age ranges of 11.305–11.645 and 11.659–
11.716 cal ka BP (Fig. 3).

ZDD data
Analytical results of ZDD analysis are summarized in 
Fig. 4 and Table 1, and detailed in Supplementary table 1. 
Analyses of all crystal surfaces revealed 230Th deficits, 
suggesting a crystallization age <  < 350 ka for all 36 dated 
crystals. For sample NZ-19, U-Th model ages defined 
by zircon and whole rock compositions form a continu-
ous, relatively narrow spectrum ranging from 12.5+5.2

−5.0
 to 

45.8
+18.6

−15.9
 ka (1σ; n = 19) (Fig.  4b). U-Th model ages for 

sample NZ-20 form a broader spectrum ranging from 
18.4

+3.8

−3.7
 to 145.2+38.9

−28.6
 ka (1σ; n = 17), but with the major-

ity of the U-Th ages (i.e., 14 out of 17) overlapping with 
the U-Th model ages of sample NZ-19 (Fig.  4b). All 
U-Th model ages are consistently older or overlap within 
uncertainty with the corresponding ZDD eruption age.

Six and eight SIMS-dated zircon crystals from samples 
NZ-19 and NZ-20, respectively, were successfully dated 
by the (U-Th)/He method (Fig. 4a; Table 1). Alpha-ejec-
tion and disequilibrium corrected (U-Th)/He dates yield 
weighted mean values of 11.3 ± 2.6 ka (95% conf. interval; 
MSWD = 0.54; n = 6) for sample NZ-19 (locality 3–16 
from pyroclastic deposit from large dome; Fig.  1c) and 
11.3 ± 1.7 ka (95% conf. interval; MSWD = 0.76; n = 8) for 
sample NZ-20 (locality 3–04 from small dome; Fig.  1c). 
These values are interpreted as ZDD eruption ages for 
the dated samples; uncertainties reflect the low He con-
tent of these young crystals.

Paleomagnetic data
Almost all samples investigated by paleomagnetic analy-
sis revealed a single stable component of magnetization 
converging toward the origin in the orthogonal vec-
tor plots during thermal demagnetizations (Fig.  5a). 
Although all samples were completely demagnetized by 
600 °C, the samples from the large lava dome (PUK3 and 
6) show abrupt decreases in remanence intensity between 
500 and 600  °C, suggesting that the main magnetiza-
tion components are carried by magnetite (unblocked 
between 500 and 580 °C). Samples from the smaller lava 
dome show relatively gentle decay curves indicative of the 
decomposition of (titano)maghemite and/or containing 
titano-magnetite. The ChRM directions from the smaller 
dome show easterly declination (10.7° to 23.5°), whereas 
the declination of those of the larger dome is close to 
true north. Consequently, the mean ChRM direction of 
small and large domes was calculated to be Dec = 15.3°/
Inc = −  50.8° and Dec = 360°/Inc = −  54.8°, respectively. 
Both of the mean ChRM direction were well-defined 
with small (2.9° to 3.7°) alpha-95 values. Considering the 

Fig. 3 Calibration of radiocarbon dating. Calendar age was calibrated 
by the OxCal v.4.4.4 program (Bronk Ramsey 2017) using the SHCal20 
atmospheric curve (Hogg et al. 2020)
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alpha-95, the two directions are distinct on the equal area 
projection (Fig. 5b).

New observations for stratigraphy and sedimentology
Since the earlier field work documented in Kósik et  al. 
(2019), a new outcrop displaying the Puketerata sequence 
has been accessible due to earthworks in relation to for-
estry operation at locality 7–01 (Fig. 1b). Under the main 
Puketerata sequence, a ca. 10–12 cm discontinuous thick 
fine ash layer is found bracketed by paleosols (Fig.  6). 
In terms of appearance, it is very similar to medial/dis-
tal PDC deposits of the main Puketerata sequence. The 
newly found ash layer was divided to three units (a-c). 
The lowermost unit (“a” in Fig.  6) is an up to 1-cm-
thick well-sorted medium ash layer with discontinuous 
appearance. Unit a is overlain by an up to 6-cm-thick 
light-cream-coloured, poorly sorted fine ash layer with 
accretionary lapilli up to 3 mm in diameter (“b’ in Fig. 6). 
The topmost unit (“c” in Fig. 6) is a bioturbated fine ash 
with very similar grain size characteristics to unit b. This 
lower tephra layer is separated from the main Puketerata 
sequence by an organic matter rich paleosol having a 
thickness of 6 to 8 cm (Fig. 6).

According to the field assessment of sorting, “b” and 
“c” units of the lower tephra layer is interpreted to have 
a diluted PDC origin, whereas unit “a” is considered to 
being sourced from a fallout (Fig.  6). The abundance of 
accretionary lapilli supports the phreatomagmatic nature 

of the eruption that formed these deposits (Németh and 
Kósik 2020).

Discussion
Timing and duration of Puketerata activity
Based on the volcanic products and architecture of the 
volcanic structures, the PVC silicic activity can be subdi-
vided into three phases—(1) initial maar forming activity, 
(2) emplacement of the small dome, and (3) emplace-
ment of the larger dome and associated explosive activity 
forming a tuff ring (Fig. 1c). In earlier studies, the activity 
was considered as a one-off event with a relatively brief 
break in the explosive activity (Brooker et al. 1993; Kósik 
et al. 2019). In this study, age determination of the PVC 
activity was carried out by two independent radiometric 
methods that revealed indistinguishable results overlap-
ping within analytical uncertainties that do not allow us 
to differentiate the proposed phases due to the limited 
precision of the dating methods applied. Extrusion of 
both lava domes is constrained by ZDD eruption ages 
to 11.3 ± 2.6  ka (pyroclastic deposit from the large lava 
dome) and 11.3 ± 1.7 ka (sample NZ-20; small lava dome). 
The deposition of the pyroclastic density currents at the 
base of the tuff ring, which is most likely associated with 
the effusive-explosive activity of phase 3, is constrained 
by 14C dating to age ranges of 11.31–11.65 and 11.66–
11.72 cal ka BP.

Nevertheless, there is a distinct paleomagnetic direc-
tion between the samples of the two domes, which 
suggests a considerable time break between their 

Fig. 4 a Rank order plots of Ft- and disequilibrium corrected zircon (U-Th)/He dates displayed as 2σ error bars. Eruption ages and corresponding 
95% confidence intervals are listed as numerals and displayed as solid black vertical lines through each population and outer dashed black lines. 
b Rank order plots of U-Th disequilibrium model ages and 1σ error bars. Orange bars represent ZDD eruption ages that are displayed as 95% 
confidence intervals.
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Fig. 5 a Representative orthogonal vector plots for NRM obtained during progressive thermal demagnetization with magnetic intensity (M/Mmax) 
decay curves. Blue and green symbols represent projection onto horizontal and vertical planes, respectively. b Equal area projection of characteristic 
remanent magnetization of samples from large and small domes. Dots (upper hemisphere) indicate mean directions with dashed ovals denoting 
95% confidence limits (α95)
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emplacements. The angle difference in declination is ca. 
15 degrees, whereas the fastest declination change rate 
calculated from the NZPSV10k curve is 0.18 degree/year 
(Turner et  al. 2015). These results, therefore, suggest at 
least 83 years as the shortest break between the emplace-
ment of the two lava domes. If the average declination 
change rate of 0.04 degree/year is applied, it would take 
375 years to achieve the measured angle difference. These 
paleomagnetic dating results disagree with the brief 
duration of the PVC activity inferred from the volcanic 
products and architecture as proposed by Brooker et al. 
(1993) and Kósik et al. (2019). The paleomagnetic results 
are consistent with a 6–8 cm thick soil horizon at the top 
of the lower tephra at locality 7–01 (Fig.  6), which we 
interpret to represent a break in volcanic activity of a few 
hundred years between phase one and three. This esti-
mate is in line with the soil formation rates of Egli et al. 
(2018).

We are not able to quantify the time between the maar-
forming phase and the emplacement of the small dome 
(phase 2). Nevertheless, we suggest these two phases 
likely represent the same eruption period considering the 
time break between explosive activity that documented 
at locality 7–01 (Figs. 6 and 7c) and the emplacement of 
the two domes. Alternatively, it cannot be ruled out that 
smaller dome represents a separate event.

Revised stratigraphy
The stratigraphical position of Puketerata tephra was 
established from medial and distal observations (Vucet-
ich and Pullar 1969, 1973). The Puketarata tephra was 
identified mostly by its biotite content (Topping and 

Kohn 1973) or exceptionally low  TiO2 and MgO concen-
trations in glass shards at distal locations (Lowe 1988). 
However, it was later recognized that Rotorua tephra, 
sourced from the Okataina Volcanic Centre (Nairn 2002), 
has biotite and glass compositions remarkably similar to 
the Puketerata tephra (Shane et al. 2003). Consequently, 
the compositional similarities identified between Puke-
terata tephra and Okataina-sourced tephras (e.g., Shane 
et al. 2003), along with the isopachs and the main direc-
tion of the dispersal of Puketerata tephra (Lloyd 1972; 
Brooker et  al. 1993) may discredit the stratigraphic 
framework of Puketerata tephra that is based on distal 
locations (D. Lowe, pers. comm. 2022), such as at Lake 
Rotomanuka (Waikato—37°55′33"S, 175°18′56"E; Lowe 
1988). Thus, it can be argued that the currently accepted 
age of 16  ka for the PVC only relies on an ambiguous 
stratigraphic correlation.

Vucetich and Pullar (1969) placed the Puketerata 
tephra between Karapiti and Opepe Tephras of Taupō 
volcano, bracketing its age between 9.95 and 11.8  ka 
(Wilson 1993; Lowe et  al. 2013). In contrast, Vucetich 
and Pullar (1973) proposed Rerewhakaaitu Ash (17.6 ka; 
Darragh et  al. 2006) as the lower contact and Rotorua 
Ash (15.8  ka; Nairn 2002) as the upper contact for the 
stratigraphic position of Puketerata tephra, and this 
stratigraphic relationship forms the base for the cur-
rently accepted age of ca. 16  ka for Puketerata tephras 
(e.g., Leonard et al. 2010). It is noteworthy that Vucetich 
and Pullar (1973) provides no reference to their previous 
study (Vucetich and Pullar 1969), which, in the light of 
the new geochronological data presented here, seems to 
report the correct eruption age.

During the 2016–2017 field survey, more than thirty 
proximal and medial exposures of Puketerata deposits 
(Fig.  7) within a 5  km radius from the main Puketerata 
vent were identified by Kósik et al. (2019). The aim of that 
study was not to reassess the stratigraphic position of 
the Puketerata tephra, whereas most of the outcrops are 
located in an elevated topographic position, where the 
preservation potential may not be good. Nevertheless, 
none of these examined exposures contained identifiable 
tephra layers between the top of the Puketerata deposits 
and Taupo Pumice Formation, whereas the lower contact 
at the visited proximal and medial exposures of PVC are 
solely Maroa-sourced ignimbrites, such as the Orakonui 
Formation (ca. 256 ka, Leonard 2003) or the 25.4 ka Oru-
anui Formation and associated reworked deposits (Kósik 
et al. 2019) (Fig. 7).

The widely accepted stratigraphic position of Puket-
erata tephra is based on a location near the intersection 
of Palmer Mill Road and State Highway 1 (Vucetich and 
Pullar 1973), situated 4  km from the nearest Puketer-
ata vent (Fig. 1b). It is difficult to identify the described 

Fig. 6 Close-up view of the newly exposed outcrop of the Puketerata 
sequence at locality 7–01 (Fig. 1b): a pyroclastic fall deposit, b PDC 
origin with accretionary lapilli (arrows), c Disturbed ash with PDC 
origin that transition to a paleosol with high organic matter. A wider 
shot image of the outcrop is shown in Fig. 7c
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features on the associated image in the manuscript of 
Vucetich and Pullar (1973) and the description is rather 
broad: “12 cm ash (paleosol, dark yellowish brown 19YR 
4/4 sandy loam)” on the top and “40  cm pale grey ash 
and coarse ash; shower-bedded; sharp contact with 
Rerewhakaaitu Ash below.” The outcrop described by 
Vucetich and Pullar (1973) has not been found during 
the mapping, whereas other outcrops along Palmer Mill 
Road expose units in higher stratigraphic positions with-
out the appearance of Puketerata deposits. The strati-
graphic position of Puketerata tephra at distal localities 
has been questioned, as Rotorua tephra has very similar 
composition and mineral assemblage (Shane et al. 2003). 
Moreover, the Puketerata tephra is limited in extent 

(Llyod 1972; Vucetich and Pullar 1973; Brooker et  al. 
1993) and thus unlikely to crop out south of Lake Taupō 
(50 km from the vent) or in the Hamilton Basin (100 km 
from the vent) as published earlier (Topping 1973; Top-
ping and Kohn 1973; Lowe 1988).

The currently accepted age of ca. 16 ka for Puketerata 
tephra (Vucetich and Pullar 1973; Leonard et  al. 2010) 
is at odds with our new radiometric ages determined by 
ZDD, 14C dating. This eruption age is in excellent agree-
ment with the age range of 9.95–11.8  ka suggested by 
Vucetich and Pullar (1969).

As there is no other known silicic eruption in the 
vicinity of the site since the eruption of the 25.4 ka Oru-
anui Formation (Leonard et al. 2010), it is likely that the 

Fig. 7 Representative medial to distal exposures of Puketerata deposits, where black dashed line indicates the base of the main sequence. Black/
white arrows most likely refer to deposits of the preceding maar-forming activity. For locations of outcrops refer to Fig. 1b, c. a Puketerata sequence 
at locality 4–17, where Puketerata tephra deposited to a 15 cm thick paleosol that formed on the top of a loess. b A patchy layer of fine ash (white 
arrow) occurs within the 2 m thick paleosol overlain by the main pyroclastic sequence at locality 3–16. The charcoal was collected from the base 
of the main pyroclastic sequence indicated by black dashed line. c The thickest and most continuous fine ash layer that separated by a ca. 10 cm 
thick paleosol from the main Puketerata deposits at locality 7–01. Arrow indicates the location of the section shown in Fig. 6. d Medial Puketerata 
sequence at locality 4–12. e Ignimbrite basement (purplish grey) overlain by floating pieces of unconsolidated Puketerata ash and lithic fragments 
(black arrows) in reworked paleosol. At the top of the exposure the paleosol also contains 2–3 cm highly vesicular fragments of Taupo Pumice 
Formation. Note that locality (3–05) represents the rim of a steep wall of a maar crater. f Distal exposure of main Puketerata succession at locality 
5–18
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Puketerata maar—lava dome complex was the source of 
the lower tephra layer found at locality. 7–01 (Figs. 1 and 
6). The sedimentological features of this tephra are con-
sistent with medial deposits that are usually associated 
with phreatomagmatic activity (Ross et al. 2017; Németh 
and Kósik 2020).

The lack of diluted PDC-dominated deposits associated 
with the maar forming phase found in the vicinity of the 
maar craters was interpreted by a time break in the activ-
ity (Kósik et al. 2019). It was suggested that the erosion 
of tephra associated with the maar forming phase could 
have been rapid due to the steep slopes and the unconsol-
idated nature of the tephra, suggesting weeks to months 
length for the depositional break (Kósik et al. 2019). The 
new results indicate that the time break instead lasted for 
centuries, which match much better with the observed 
poor preservation of the proximal PDC deposits.

Revising the magmatic evolution of Puketerata area 
and associated hazard implications
The PVC vents are aligned parallel with the Orakei-
korako Fault (Lloyd 1972; Kósik et  al. 2019), represent-
ing a typical example for the interrelation of faulting 
and volcanic activity of the central TVZ (Kósik et  al. 
2020; Muirhead et  al. 2022). Volcanic evolution of the 
wider Puketerata area comprises three known erup-
tions, from which the earliest was basaltic phreatomag-
matic activity (Te Hukui; Kósik et al. 2017). Petrography 
of the basalts from Te Hukui eruption shows interac-
tion between silicic and mafic magma, thus it is feasible 
that the mafic melt bypassed the silicic magma reservoir, 
which was the source of the adjacent silicic eruptions of 
PVC. Mafic recharge of the silicic magma reservoir may 
trigger renewed zircon crystallization during the ensu-
ing cooling (e.g., Bolhar et al. 2008), thus zircon crystal-
lization ages of Puketerata rocks may overlap with the 
Te Hukui eruption age. The majority of the Puketerata 
zircons formed between 50 and 15  ka as evidenced by 
U-Th disequilibrium data (Wilson and Charlier 2009; this 
study). Due to the eroded nature of Te Hukui deposits 
and the absence of material from Oruanui Formation in 
their deposits (Kósik et al. 2017), we suggest the Te Hukui 
activity occurred before the 25.4  ka Oruanui supervol-
canic eruption.

The first silicic eruption that initially formed the maar 
craters (phase 1) took place most likely at ca. 12 ka (a few 
hundred years before the second silicic eruption) based 
on the stratigraphic relationship at locality 7–01 (Fig. 6). 
The deposits related to this eruption have rare and often 
patchy occurrence and more limited dispersal than 

the following (second silicic) more voluminous erup-
tion. Paleomagnetic data suggest that emplacement of 
the small dome (phase 2) was part of the first eruption 
period. The second silicic eruption (phase 3) occurred 
between 11.3 and 11.7  ka based on 14C and ZDD data, 
and most likely was triggered by mafic recharge of the 
magma reservoir (Kósik et  al. 2019). The depression of 
maar craters of the earlier eruptions provided an abun-
dance of groundwater for magma and water interaction. 
The thick paleosol (Fig. 6) indicates that the climate had 
ameliorated during the time of both silicic eruptions rela-
tive to the preceding colder and dryer conditions.

The magmatic evolution of the Puketerata area indi-
cates that the magma reservoir of Puketerata eruption 
was active from at least ca. 50  ka as indicated by the 
range and continuity of zircon crystallization age spec-
tra (Wilson and Charlier 2009; this study) until ca. 12 ka 
when the last eruptions occurred. It is therefore justified 
to assume that the Puketerata magma reservoir may still 
have eruptible melt lenses, particularly as Taupō volcano, 
located at 30 km to the south, has produced more than 20 
eruptions during the Holocene (Barker et al. 2021).

Conclusion
The timing and duration of the activity of the Puket-
erata maar-lava dome complex (TVZ, New Zealand) 
was constrained here by three independent dating tech-
niques. Radiocarbon dating of charcoal at the base of the 
Puketerata sequence yielded age ranges of 11.31–11.65 
and 11.66–11.72  cal  ka BP at 95.4% probability. Com-
bined 238U/230Th disequilibrium and (U-Th)/He dating 
of zircon from two lava domes indicate eruption ages of 
11.3 ± 2.6  ka (large lava dome) and 11.3 ± 1.7  ka (small 
lava dome). These new results constrain the PVC activ-
ity to ca. 11.5  ka, which is significantly younger than 
the hitherto accepted age of ca. 16  ka determined from 
earlier stratigraphic observations. Paleomagnetic analy-
sis on the rocks of two lava domes of Puketerata exhib-
ited distinct paleomagnetic directions, suggesting they 
formed during two separate events at least ca. 100 years 
apart. Complementary stratigraphic observations are 
also in agreement with paleomagnetic results and suggest 
at least a few hundred years quiescence between erup-
tions. This finding underlines the monogenetic nature 
of the volcanism where volumetrically minor individual 
magma batches involved in short lived and small volume 
eruptions separated by decades produce often compound 
small volcanoes within a restricted area. Our study high-
lights that the application of different dating techniques 
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is important to reveal the timescales of these small-vol-
ume eruptions, which is essential to define the hazard-
scape of volcanic fields.
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