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Abstract
We have carried out paleomagnetic analyses of tephras from the Taupō eruption, one of the most violent eruptions on Earth in the past 5000 years. Pyroclastic deposits were collected with 7 cm3 cubes pushed into each unit of the Taupō eruption sequence, consisting of airfall units and overlying ignimbrite. Where possible, we targeted fine-ash layers and matrix, as lapilli sized material can significantly affect the quality of the analysis. The samples were oriented using a collection device specially designed to maximize accuracy. All samples were subjected to alternating field demagnetization, while samples from Taupō ignimbrite (Y7)—the only unit deposited hot were also subjected to thermal demagnetization. The characteristic remanent magnetizations (ChRMs) for specimens from unit Y1, the lower and upper parts of unit Y4, and unit Y7 are well determined (α95 < 3.3°). The declinations and inclinations of site-mean ChRMs range from 3.0° to 7.1° and − 53.4° to − 56.2°, respectively, in close agreement with published results from lithic fragments of the Taupō ignimbrite (Y7). The mean ChRM of unit Y3 does not fit within 95% confidence limits of the ChRM of other units. We presume this is a consequence of unit Y3 samples containing relatively coarse grains and of probable secondary process of the deposit. This outlier aside, our results show consistency between thermoremanent magnetizations of ignimbrite and detrital remanences of co-eval ashfalls, thus validating our method for further tephra research. Both geological observations and paleomagnetic estimation using angular difference suggest that the duration of the Taupō eruption sequence was less than a few tens of years. Furthermore, matching the overall mean ChRM direction (Dec = 4.3°, Inc = − 55.3°, α95 = 1.3°, N = 38 specimens) to the New Zealand paleosecular variation record using the MATLAB dating tool, most likely supports a younger age (ca. 310 CE) than the reported wiggle match eruption age of 232 ± 10 CE.
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Introduction
Explosive eruptions, especially from silicic volcanoes, broadly disperse pyroclastic airfall materials that can provide key marker-beds in sedimentary sequences. For this reason, tephro-stratigraphic and -chronologic studies have been well developed in regions that have been subject to regular explosive rhyolitic volcanic activity through time, such as the Taupō Volcanic Zone (TVZ) in the North Island of New Zealand (e.g., Wilson et al 1984; Houghton et al. 1995). Volcanic rocks contain magnetic minerals, such as titanomagnetite and titanohematite that retain a remanent magnetization in the direction of the Earth’s magnetic field during cooling and deposition. Correlation between the paleomagnetic information recorded by volcanic deposits with known records of secular variation can provide independent age estimates. This method has been used to produce high-resolution eruptive histories for volcanoes around the world (e.g., Böhnel et al. 2016; Pistolesi et al. 2021). While there are many studies of volcanic lava and welded ignimbrite deposits, only a few studies of volcanic airfall deposits have been published to date (e.g., Yukutake et al. 1964; Hayashida et al. 1996; Fujii et al. 2001; Hasegawa et al. 2018). This is likely due to the difficulties associated with collecting oriented samples for such materials. Considering the geomagnetic direction changes 0.05–0.20°/year, the dating method provides results with a time resolution of a few tens of years when the tephra site-mean ChRM direction is determined with a small α95 (e.g., less than 3°).
In this paper, we present the newly obtained results of paleomagnetic analyses for the Taupō eruption-one of the most violent eruptions worldwide in the past 5000 years. We determined the paleomagnetic directions from the Taupō eruption sequence (airfall and ignimbrite). We compared the paleomagnetic remanences recorded using differing processes (e.g., thermal vs. detrital) and discuss the advantages and limits of explosive eruption deposits for paleomagnetic dating. Paleomagnetic dating of tephra that has been deposited at relatively cool temperatures (i.e., airfall ash deposits) could provide a new method to constrain the age and duration of large eruptions, including those where tephra has been widely distributed across the globe.

Geological background: Taupō eruption
Eruption products and sequence
The first millennium Taupō eruption (unit Y) is the 27th eruption of Taupō volcano, following the caldera-forming Oruanui eruption at ~ 25.5 ka (Wilson 1993). The Taupō eruption is divisible into seven units (Y1–Y7 from Wilson 1993; note, however, we do not include the intra-plinian early ignimbrite Y6 flow units deposited synchronously with Y5 in our study) that occurred from multiple vent sites along a ~ 10 km-long fissure in the Horomatangi Reefs area of Lake Taupō (Fig. 1). The eruption sequence is globally recognized for its complexity of eruptive styles that is unrelated to its rather homogenous magma composition, but attributable to heterogeneities in magma volatile content, vesiculation and fragmentation depth, and extreme variations in magma and external water (lake) interaction (Wilson and Walker 1985; Smith and Houghton 1995a, b). Despite being downgraded from ultraplinian to plinian (see Houghton et al. 2014), phase 5 of the eruption sequence remains one of the most powerful eruptions worldwide in the past 5000 years with a maximum plume height of 35–40 km, and was followed by the climactic phase 7 which emplaced the Taupō ignimbrite.[image: ]
Fig. 1Index map showing sampling locations (Loc.1 and 2) on Taupō Volcanic Zone (TVZ: dashed lines) with Lake Taupō. The outline of TVZ refers Houghton et al. (1995). Waterbodies (lakes and ocean) are shown by white pattern. The distribution of Taupō ignimbrite refers Wilson (1985). Colored map (www.​topomap.​co.​nz) in yellow box is the close-up of sampling area


We refer the reader to previously published studies for descriptions of the deposits from the seven eruption units (i.e., Walker 1980, 1981a, b, c; Wilson 1985; Wilson and Walker 1985; Smith and Houghton 1995a, b; Houghton et al. 2014). We focus here on the interpreted eruption style and emplacement mechanism for each unit (referred here as its associated ‘eruption phase’ and labeled in Fig. 2 as Y1 through Y7) and the duration of the eruption sequence based on published qualitative observations. The sequence began in the southwestern part of the fissure (vent 1 from Smith and Houghton 1995a) with a minor phreatomagmatic eruption that deposited the initial ash from a maximum plume height of 10 km (Wilson and Walker 1985). The relatively uniform nature and lack of subunits suggests this eruption phase may have lasted only hours (Wilson and Walker 1985). With little elapsed time, phase 2 of the eruption began from the same vent source with a significant increase in eruption rate that cleared the vent area of lake water and led to relatively continuous plinian activity and the vertical deposition of the coarse Hatepe plinian pumice over a period of 10–30 h (Wilson and Walker 1985). With no discernable time break, this plinian phase quickly transitioned into a phreatoplinian eruption (phase 3) as lake water accessed the vent and the Hatepe ash was deposited. Towards the end of this phase, widespread fluvially sourced (possibly related to the violently expelled lake water from the vent 1 source) erosion and gullying of the Hatepe ash took place and Wilson and Walker (1985) interpreted this to represent the longest time break in the entire Taupō eruption sequence, possibly several weeks. However, a subsequent high-resolution study of the phases 3 and 4 deposits by Smith and Houghton (1995a, b) demonstrated that while erosion was occurring at the end of phase 3, there are interbedded Hatepe and Rotongaio (phase 4) ash deposits found northeast of Lake Taupō which demonstrate synchronicity between the phases as opposed to a discernable time break. Further, the character and distribution of the phases 3 and 4 deposits suggests that the Rotongaio magma was more degassed and erupted from a different source at the northeast end of the fissure (vent 2; Smith and Houghton 1995a). The Rotongaio ash is perhaps the most complex of the Taupō eruption deposits. It is predominately of phreatomagmatic origin but modes of emplacement vary within single beds from primary vertically driven ash fall to ‘syneruptive slope-affected and fluvially reworked ash’ (Smith and Houghton 1995b).[image: ]
Fig. 2Outcrop photo (left) and stratigraphic column (right) of Taupō eruption sequence. Unit name (and its abbreviations) are from Wilson (1993). Note that we do not include the intra-plinian early ignimbrite Y6 flow units deposited synchronously with Y5 in this study


Following phase 4, an abrupt change from the wet erupted Rotongaio ash to the dry Taupō plinian pumice (phase 5) took place with another shift in vent position back to or in close proximity to the southwestern vent 1, location for phases 1, 2 and 3 (Houghton et al. 2014). The Taupō plinian pumice was deposited vertically from a powerful eruption plume that may have reached 40 km high. Walker (1980) suggested the mass discharge rate was sustained for up to 17 h, however, a relatively recent study (Houghton et al. 2014) identified 26 subunits within the phase 5 deposits at 149 field locations and demonstrated that the mass discharge rate waxed and waned with corresponding changes in plume height through its duration. Phase 5 did include some laterally emplaced flow deposits (Y6 from Wilson 1993) likely related to intermittent column collapse (Wilson and Walker 1985), but these flow units pale in comparison to the magnitude of the phase 7 Taupō ignimbrite. The transition from phase 5 to phase 7 was accompanied by a significant increase in magma eruption rate of up to two orders of magnitude. Thus, the Taupō ignimbrite was not simply the effect of column collapse from the phase 5 eruption plume, but more a blast directed in every direction from the vent (Wilson 1985). The entire ignimbrite was emplaced, up to 90 km from the vent source, in approximately 400 s and at speeds of up to 250–300 m s−1 (Wilson 1985).
In summary, from calculated eruption rates for each phase of the eruption, combined with evidence for non-volcanic erosion of deposits within the sequence, Wilson and Walker (1985) estimate a total duration for the Taupō eruption to be a maximum of weeks to months. This more qualitative geologic evidence (i.e., field observations of the deposits) suggests that there were no significant time breaks within the eruption on the order of years to decades. The eruption was extraordinarily complex with a combination of fall and flow deposits from variably wet to dry eruption plumes, and intermittent hybrid vertical to lateral transport that included syn-eruption water-laden currents during phase 4. The emplacement temperatures of the deposits, thus, varied widely from relatively cold deposition from wet plumes or powerful high and dry eruption columns, and hot emplacement from the more directed currents associated with the phase 7 Taupō ignimbrite (cf. paleomagnetically derived temperatures from McClelland et al. 2004).

Eruption age
The Taupō ignimbrite (Y7) contains abundant organic materials such as charcoal and carbonised logs, and has been dated multiple times by 14C methods (Hogg et al. 2019 and references therein). However, diversity of sample species and dating methodology has resulted in a dispersion of dates ranging nearly 200 years from 130 to 320 CE (Lowe and de Lange 2000; Hogg et al. 2019). The suite of contiguous decadal 14C dates from the tanakeha (Phyllocladus trichomanoides) log in Y7 was statistically wiggle-matched against the kauri (Agathis australis) calibration curve for New Zealand to derive a more precise calendar date of 232 ± 10 CE (95% probability range) (Hogg et al. 2012). After that, the date has been challenged on the basis of potential magmatic carbon dioxide contamination of the radiocarbon measurements (Holdaway et al. 2018). Holdaway et al. (2018) concluded that the Taupō eruption occurred decades to possibly two centuries later than 232 CE, but the possibility was refuted by Hogg et al. (2019) and is still controversial (Holdaway et al. 2019). The most recent review by Lowe and Pittari (2021) concurs with the wiggle-matched eruption date of 232 ± 10 CE.


Samples
We sampled the entire Taupō eruption sequence at a well-known type locality on State Hwy 5 (Loc.1: S38°44′51″, E176°11′59″), with the exception of the phase 1 (initial ash) deposit which was too thin to sample at this location (see Fig. 1 for the two locations). We refer to the Taupō eruption stratigraphy using Wilson’s (1993) unit Y designation followed by the eruption phase (see Fig. 2). Paleomagnetic samples were collected by pushing 7 cc plastic or aluminum cubes into fine ash layers of each phase in the stratigraphy (Figs. 2, 3), as lapilli sized material within the cube significantly affects the quality of the analysis. Thus, the Hatepe plinian (Y2) and Taupō plinian (Y5) deposits, which contain coarse pumice, could not be sampled. Although samples were carefully taken from the finer (matrix) part of Hatepe ash (Y3) and Taupō ignimbrite (Y7), it was difficult to avoid lapilli-sized grains in their cubes (see below for detail). Because of the complexity in the interpreted mode of deposition (vertical ash fall vs. lateral emplacement with flushed lake water) of the Rotongaio ash (Y4), sampling levels were further divided into the Y4-lower and -upper parts of the deposit. As mentioned above, only Y1 was sampled at a different and more proximal location (Loc.2: S38°48′03″, E176°04′38″) to its source vent. To obtain reference data for comparison with the Taupō eruption data, we sampled unit X (Mapara tephra: Wilson 1993), which underlies Y1 and an intervening thin soil at Loc.1. Prior to removal from the outcrop, the samples were oriented using an orientation device with magnetic compass (and sun compass) and inclinometer that were integrated in a specifically designed (Natsuhara-Giken) (Fig. 3). For details of the sampling procedures, refer to Mochizuki et al. (in prep). During this process, the measured azimuth was corrected for the local declination of 21° East (ref: International Geomagnetic Reference Field (IGRF-13): https://​wdc.​kugi.​kyoto-u.​ac.​jp/​igrf/​index-j.​html). To check for within-site variations and, whether there were differences within individual phases of the eruption sequence, at least eight samples (cubes) were collected (within 10 m lateral extent) and mean directions calculated for each phase (and sometimes separate sub-units within a phase, i.e., the upper and lower parts of Y4).[image: ]
Fig. 3Schematic illustration (upper) and photograph (lower) for oriented sampling for tephra layers



Paleo- and rock magnetic methods
Magnetic analyses included (in the following order) measurement of the anisotropy of magnetic susceptibility (AMS), natural remanent magnetization prior to and following progressive alternating field—(AFD) or thermal demagnetization (THD). AMS measurements were conducted using an AGICO Kappabridge KLY-3 at Ibaraki University (IU), with the aim of constraining pyroclastic transport mechanisms and directions. Most samples were subsequently subjected to stepwise AFD using an AGICO LDA-5 AF demagnetizer (at IU) to a peak alternating field of 130 mT. Remanences were measured by a AGICO JR-6A at IU. THD was conducted on samples from unit Y7, which was assumed to be the only unit deposited hot, using a TD-48, ASC Scientific furnace (at IU) up to a peak temperature of 630 °C. Characteristic remanent magnetization directions (ChRM) were calculated using principal component analysis (PCA) (Kirschvink 1980). Datapoints for ChRM calculation were selected from the most stable component towards the origin of the vector component plot. As a result, the maximum angular deviations (MAD) for Y1, Y4 and unit X was less than 3°. Demagnetization plots for samples of deposits Y3 and Y7 display a larger dispersion and data from samples for which the principal component analysis returned MAD values exceeding 10° were rejected (Additional file 1: Table S1). Unit (site) mean directions and 95% confidence intervals were calculated from individual specimen ChRM directions using Fisher statistics (Fisher 1953).
Thermomagnetic analyses were also carried out on representative chip (approximately 3 g each) samples from the Y3, Y4-upper and Y7 units using a NMB-89 Natsuhara Giken magnetic balance at Kochi University. These analyses included heating of samples to a peak temperature of 700 °C with a rate of 10 °C/min. For comparison, thermomagnetic experiments were conducted either in vacuum (1–10 Pa) or in ambient atmosphere.
After the paleomagnetic analyses, we performed grain size analysis of samples to evaluate the effect of lapilli sized materials on the quality of paleomagnetic analyses. Samples from each cube were firstly dried and sieved at 1 ϕ intervals in the range − 5 to 4 ϕ (ϕ =  − log2D, where D is the particle diameter in millimeters). Secondly, finer fractions (< 63 µm = 4 ϕ) were analyzed by a laser scattering particle size analyzer (HORIBA LA-300). These data were combined and calculated to determine median (Mdϕ) and sorting (σϕ) based on Folk and Ward (1957).

Previous paleomagnetic research: emplacement temperature estimation on lithic fragments of the Taupō ignimbrite deposit
McClelland et al. (2004) report paleomagnetic directions for the Taupō ignimbrite deposit (Y7) from 44 sites that are distributed throughout the Central North Island. The study was conducted prior to the availability of continuous secular variation records or models. It was pursued with the aim to reconstruct emplacement temperature on ignimbrite clast deposits with distance from the vent.
In non-welded ignimbrite deposits, where the absence of a temperature indicator inhibits estimation of emplacement temperatures, thermal demagnetization techniques can be a powerful tool to estimate heating or deposition temperatures that are lower than the Curie temperature (Tc) of the predominant remanence carrier. In a sample with a mixed assemblage of magnetic grains with differing grain-size and blocking temperature distribution, we assume that only those grains that yield a blocking temperature lower than the emplacement temperate record a stable coherent magnetization that yields a characteristic remanent magnetization (ChRM) direction parallel to the ambient magnetic field at the time of emplacement. If the emplacement temperature exceeds Tc, and no secondary chemical remanent magnetization (CRM) or viscous remanent magnetization (VRM) was acquired after the initial remanent acquisition, a sample would display a single component ChRM.
McClelland et al. (2004) sampled and thermally demagnetized 488 samples from lithic clasts and 123 samples from pumice, which were collected in roughly vertical profiles through the deposit. While the study on pumice clasts was inconclusive, the lithic clasts showed a positive correlation between inferred emplacement temperature and distance from the vent. Clasts sampled within a 40 km radius from the vent recorded remanence directions that are roughly parallel to the present-day field, up to peak blocking temperatures between 150 and 300 °C. In contrast, the emplacement temperatures estimated from clasts that were sampled further afield range from 400 to 500 °C and show random remanence directions. Figure 4 displays the site mean directions and 95% confidence intervals reported for the low Tb components. Reported site mean directions mostly overlap at the 95% confidence level. Declinations range from − 12.5° to 45.1° and inclinations from − 34.1° to − 62.9°. The angle of 95% confidence (α95) ranges from moderate values of 5.9° up to 49.6° (Fig. 4). Greve and Turner (2017) calculated a unit mean direction for the Taupō Ignimbrite from the reliable site mean low Tb components of McClelland et al. (2004): Dec = 3.9°, Inc = − 52.2°, α95 = 2.4°, N = 44 sites (Table 1).[image: ]
Fig. 4Stereographic projections displaying the site mean directions (negative inclinations, black dots) and corresponding 95% confidence cones (dashed lines) of the low Tb components for lithic fragments in Taupō ignimbrite (Y7) reported in McClelland et al. (2004). The mean direction (pink circle) was calculated using Fisher statistics from the all site mean directions (N = 44)

Table 1Mean directions for each unit


	Unit
	N
	Dec
	Inc
	α95
	k

	Y7
	15
	3.0
	 − 55.8
	2.5
	237.2

	Y4-upper
	7
	4.4
	 − 55.4
	3.3
	328.2

	Y4-lower
	8
	7.1
	 − 56.2
	1.7
	1102.9

	Y3
	9
	338.9
	 − 56.8
	5.8
	78.9

	Y1
	8
	3.9
	 − 53.4
	2.7
	426.8

	Y1, Y4, Y7 (overall mean)
	38
	4.3
	 − 55.3
	1.3
	335.6

	Y7 (lithic fragments)a
	44b
	3.9
	 − 52.2
	2.4
	74.6c

	X (Mapara tephra)
	9
	358.8
	 − 54.3
	2.9
	2.9


aData from McClelland et al. (2004) and calculated by Greve and Turner (2017)
bNumber of individual site mean directions
cCalculated by this study




Results
Thermomagnetic analysis
Thermomagnetic curves usually display two distinct changes in slope between 250 and 300°C, and between 540 and 600 °C (Fig. 5). The latter coincides with the Curie temperature (Tc) of titanium-poor titanomagnetite—pure magnetite, while the first could indicate the Tc of a titanium-poor titanomagnetite. The cooling curves are mostly reversible, although a slight shift in the saturation magnetization and inversion points is visible in most diagrams. These shifts are likely the result of the decomposition of titanomaghemite to magnetite/hematite and/or oxy-exsolution of titanomagnetite/titanohematite solid solution series (see, for example, de Groot et al 2014; Greve and Turner 2017). The mineral alteration appears to be enhanced during thermomagnetic experiments conducted in an ambient atmosphere, as seen in particular in a decrease of the saturation magnetization measured in the cooling curve of sample Y4-upper (Fig. 5c), indicative of the oxidation of the original magnetic mineral phases.[image: ]
Fig. 5Rock-magnetic properties (thermomagnetic curves) of selected samples. The vertical axis is the magnetization (MS) in an applied field of 0.2–0.3 T, which is normalized to that at 100 °C (MS0). Red and blue lines indicate heating and cooling curves, respectively



Demagnetization behavior
During alternating field and thermal demagnetization, almost all samples show a single stable component of magnetization with little variability observed between individual units. The NRM intensities range from 3.5 × 10–2 to 5.4 × 10–1 A/m. During AFD samples lose ca. 90% of their remanence intensity at applied peak fields lower than 60 mT, with median destructive fields (MDF) around 30 mT (Fig. 6b–f). Samples from depositional unit Y3 display a larger data scatter and ChRM directions for Y3 yield maximum angular deviations (MAD) mostly above 6° (maximum: 13.9°) (Fig. 6e, Additional file 1: Table S1). During THD, magnetizations decrease linearly towards the origin of the vector component plot in the blocking temperature interval 0–480 °C, after which they retain 10% or less of the NRM. Evidence for multiple-components of magnetization, as would be expected if the samples were emplaced at a temperature lower than the peak blocking temperature measured here, is not recognized for the samples of Y7. Data from just two samples, Y3_2 and Y7_7, with MADs above 10° were removed from the mean direction calculations. The mean directions for each unit were calculated from ChRM directions for 47 samples (Table 1).[image: ]
Fig. 6Representative orthogonal vector plots for NRM of the measured samples. AFD: alternating field demagnetization, ThD: thermal demagnetization. Blue and Red plots are projections onto horizontal and vertical planes, respectively



Mean directions
Table 1 and Fig. 7 summarize unit mean ChRM directions and 95% confidence limits for all units sampled. Assuming that the ChRM directions for each cube specimen in each unit are statistically independent of each other, we calculated a mean direction for each unit (Y1–Y7). The ChRM directions for specimens from units Y1, Y4-lower, Y4-upper and Y7 are well grouped with α95 values of 3.3° or less. The mean directions for these units range in declination from 3.0° to 7.1°, and in inclination from − 53.4 to − 56.2° and are not distinct at the 95% confidence limit (Table 1; Fig. 7). Y1 was sampled at a different location from the other units (Fig. 1), and the consistency of its and the other ChRM directions indicates that the data were not influenced by local effects such as tectonic block rotation or tilting. The mean direction of unit Y3 is less well defined. Y3, for which demagnetization data also is of lower quality, displays a NW—N elongated distribution of ChRM directions (Fig. 7). The Fisher (1953) precision parameter (k) of unit Y3 is considerably lower (78.9) than those of other units (> 237.2). The best mean of Y3 (Dec = 338.9°, Inc = − 56.8°, α95 = 5.8°) does not overlap with the 95% confidence limits of other Taupō eruption units.[image: ]
Fig. 7Plots of mean directions for each unit


The mean ChRM direction of unit X has Dec = 358.4°; Inc = − 54.7°; α95 = 3.2°; N = 9 samples (Table 1). This direction is distinct from those of Taupō eruption units, particularly in declination.

AMS
Anisotropy of magnetic susceptibility (AMS) measures the alignment of paramagnetic- and ferrimagnetic mineral grains in a sample. During the terminal stages of fluvial transport, grains tend to align with their long axes in the transport direction, while later compaction by overburden loading may result in the alignment of minerals in the horizontal plane (e.g., MacDonald and Palmer 1990; Fisher et al. 1993; Baer et al. 1997). We use AMS data to distinguish and characterize different emplacement modes, such as airfall, and/or flow deposits and to identify sediment imbrication. AMS measures the bulk fabric of a sample, in typical minerals that often contribute, the maximum (Kmax) and minimum (Kmin) susceptibility axes are aligned with the longest and shortest grain axes, respectively (e.g., Hamilton and Rees 1970; Taira and Scholle 1979; Tarling and Hrouda 1993; Borradaile et al. 1999).
Figure 8 shows the distribution of the three principal axes of magnetic susceptibility in an equal-area projection. Statistical parameters of Jelinek (1981) such as magnetic foliation (F), magnetic lineation (L) and P′ (corrected degree of anisotropy), T (shape parameter), q (shape factor) are shown in Additional file 1: Table S1. All units show almost vertically clustered Kmin directions, although some of them are slightly offset. Kmax of Y1 and Y3 (+ unit X) are randomly distributed in the horizontal plane, while those of other units are more or less biased, probably reflecting flow or topographic effects.[image: ]
Fig. 8Lower-hemisphere stereographic projections of the principal axes of magnetic susceptibility (AMS) for each unit. Black: Kmax, Blue: Kint, Red: Kmin



Grain-size
Grain-size analyses showed that samples from deposits of Y3 and Y7 are relatively coarse (Mdϕ = 2.38 and 1.99, respectively) (Fig. 9a). Sample cubes of Y1 and Y4 were free of lapilli sized (< − 1 ϕ) grains, whereas Y3 and Y7 contained considerable amounts (> 10 wt%) of lapilli-sized grains (Fig. 9a). One cube of Y3 included a large pumice fragment, 8 mm in diameter. In the field, Y3 (Hatepe ash) has a moderately sorted lithofacies composed of fine ash with a scattering of pumice lapilli. Although, we carefully selected the fine ash part of Y3 and Y7 for sampling, the cubes contained lots of lapilli-sized materials.[image: ]
Fig. 9Diagrams showing a grain size distribution histogram of each unit and b relationship between MAD and NRM. Note that cubes of Y3 and Y7 are rich in coarser grains


The sorting indices for Y3 and Y7 are also poorer (σϕ = 2.92 and 2.30, respectively) than those of the other deposits. Grain-size histograms of Y3 and Y7 show flat distributions suggesting lateral flow transportation. That is consistent with the geological observation of Y7 that is interpreted as ignimbrite. Units Y1 and Y4 show clearer unimodal peaks, around 2–5 ϕ resulting in a relatively well sorted index (σϕ = 1.73–2.32), and are geologically interpreted as vertically emplaced airfall units. Details will be discussed with AMS data in the next section.


Discussion
Evaluation of the paleomagnetic data, magnetization and emplacement processes
ChRM directions of samples from deposits Y1, Y4-lower, Y4-upper and Y7 show an overall good agreement and their best unit-mean directions overlap at the 95% confidence level (Fig. 7). However, the mean direction of deposit Y3 is distinct from that of the other deposits. The larger MAD values recorded during demagnetization of samples from this deposit and the broader data distribution (α95 = 5.8°) suggest that samples from this site do not carry a coherent detrital or thermal record of the field at the time of deposition. We consider it unlikely that samples of these deposits are affected by more severe secondary remagnetization through weathering than the samples from other deposits in the same outcrop. Instead, it is possible that coarse fragments in these deposits resisted magnetic alignment during deposition and so do not contribute to the detrital remanence in the same way as the finer particles. Furthermore, the oval distribution of the individual ChRM directions could be indicative of a re-alignment of the grain assemblage, which could for example have been caused by basal dragging in a SW direction beneath overlying deposits. This mechanism may also explain the overall lower remanence intensities recorded. In contrast to samples from Y3 which were emplaced cold, samples from Y7, which was also poorly sorted but emplaced at high temperature and so carry a TRM, display ChRM directions that are coherent with all other deposits (Fig. 7, Additional file 1: Table S1).
Assuming that deposits Y1, Y4 and Y7 were emplaced and magnetized over a short time-period during which negligible secular variation occurred, we estimate a best mean ChRM direction from all samples from these units: Dec = 4.3°; Inc = − 55.3°; α95 = 1.3°; N = 38 samples (Table 1). This mean direction is almost consistent with the published mean calculated for lithic fragments emplaced within the Taupō ignimbrite (Y7) (McClelland et al. 2004; Greve and Turner 2017, refer to “Previous paleomagnetic research: emplacement temperature estimation on lithic fragments of the Taupō ignimbrite deposit” section), although the inclination is slightly shallower than our data (Table 1).
We can also use the AMS data to suggest the mode of emplacement of each unit. In the case of ignimbrites, Kmax is expected to parallel the flow direction due to aerodynamic effects, and Kmin is expected to be slightly tipped back from vertical against the flow due to imbrication (Baer et al. 1997; Ort et al. 2003). For example, in Y7, the Kmax axes fall in the western side, while Kmin displays imbrication in an eastern orientation typical for strong flow in W–E direction. As the vent is located to the west of the sampling site, this finding is consistent with a transport of the ignimbrite from the vent to the sampling location along topographic low. On the other hand, in units Y1 and Y3 (+ unit X), Kmax are distributed around the horizontal plane with Kmin vertical, which is typical for an airfall deposit, where gravitational loading resulted in the compaction and alignment of mineral grains in the horizontal. However, while the magnetic shape ellipsoids of unit Y1 (+ unit X) are oblate (T > 0), Y3 displays T values around 0 (− 0.78 to 0.38) and high Q values (> 0.67) which suggest that the deposition was not only controlled by vertical loading but also some secondary process (e.g., aforementioned dragging).
Y4-lower and Y4-upper might have been deposited as airfall on a slightly sloping surface on the eroded top of Y3 (cf. Smith and Houghton 1995b). Y4-lower displays a planar AMS structure that is dipping 10° to the NW without a clear imbrication. A possible explanation for this fabric could be a fall deposit on a dipping slope. Y4-upper also has a planar AMS structure dipping slightly to the NE suggesting deposition on a gentle slope.

Comparison between airfall and ignimbrite: mechanisms of remanence acquisition
In this study, we recognized agreement of ChRM directions between the ignimbrite unit (Y7) and preceding airfall units (Y1 and Y4). Consistency between thermoremanent magnetizations recorded by hot ignimbrite deposits and the detrital remanences of their co-eval ash/fall deposits have been described in a few previous studies (Reynolds 1979; Hayashida et al. 1996; Fujii et al.; 2001). However, there is no detailed study to investigate the magnetization processes of airfall deposits. Hasegawa et al. (2020) sampled and determined ChRM directions for several pumice clasts in a proximal airfall deposit, Osumi pumice fall (OPF) that preceded the 30 ka Ito ignimbrite, southern Kyushu. All pumice clasts in OPF show unblocking temperatures above 500 °C and the same ChRM directions suggesting the deposit was emplaced in hot (> 500 °C) conditions resulting in thermoremanent magnetization (Hasegawa et al. 2020). However, this is a special case of a very proximal airfall deposit. Y1 and Y4 in this study comprise very fine ash and our sampling site is 20 km from the source. The distance from source and the phreatomagmatic nature of the eruptions that produced Y1 and Y4 (cf. Smith and Houghton 1995a) suggest these airfall units must have been cold enough to exclude the possibility of a primary thermoremanent. The possibility of partial remagnetization by the subsequent hot emplacement of the overlying Taupō ignimbrite can also be excluded. A conductive cooling model can be used to estimate the maximum temperatures reached in unit Y4 as a result of emplacement of the Taupō ignimbrite, Y7. The model of Lerner et al. (2019) employs dimensionless depth, time and temperature variables, making it straightforward to substitute appropriate values for particular situations. Assuming a 2 m thick ignimbrite with a uniform initial temperature of 400 °C (McClelland et al. 2004), ambient and initial temperature of the in-place tephra of 20 °C, and thermal diffusivities of 4.33 × 10–7 m2/s for both ignimbrite and tephra (calculated from values given by Keating (2005) in modelling Mount St. Helens ignimbrite and non-welded tephra), we estimate that the top of unit Y4, ~ 1 m below the ignimbrite contact, reached a maximum of ~ 100 °C about 30 days after emplacement, while the base of Y4, 1 m deeper, reached a maximum of ~ 60 °C about 60 days after emplacement (Additional file 2: Fig. S1). At these depths the temperature profile changes only slowly, and so these temperatures, though low, would have remained elevated for weeks to months, making a low unblocking temperature viscous remanent magnetization possible. This simple model, however, takes no account of initial non-uniformity or the possible cooling effect of water percolating through the ignimbrite and/or substrate, which would lower the maximum temperature estimates (Keating 2005). Thermal or viscous remanent magnetization or remagnetization are, therefore, unlikely to affect more than the lowest unblocking temperature grains (≤ 100 °C) of the airfall units.
We infer that a process of depositional remanent magnetization works for fine grained airfall units such as Y1 and Y4, as discussed by Yukutake et al. (1964) at Izu Oshima Volcano. Pyroclastic materials are normally rich in magnetic minerals such as titanomagnetite. In particular, fine components are affected by magnetostatic forces that orient the magnetized axis with the geomagnetic field, while slowly falling through the air and settling. Even where coarse particles are contained, and may not be aligned to the direction of the magnetic field (as in Y3 cubes), the bulk deposits can be magnetized in the direction during the sedimentation processes. In the case of depositional remanent magnetization, inclination shallowing is sometimes observed in sedimentary rocks. However, the remanent magnetization directions of units Y1 and Y4 in this study show no shallower inclinations compared with that of the overlying ignimbrite (Y7).
As has been emphasized, the mean ChRM directions of airfall units (Y1 and Y4) agree well with that of ignimbrite unit (Y7). This is indicative of almost coeval timing of the thermal and depositional magnetizations just after the eruption. Considering the cooling rate of the ignimbrite (e.g., Kamata et al. 1993), the depositional remanent magnetization of the airfall occurred within a short period of time—a few years or less. More field and experimental observations are necessary, but from our data, the depositional remanent magnetization associated with magnetized particles in airfall deposits appears to be locked soon after deposition.

Paleomagnetic control of the duration of Taupō eruption
We attempt to quantitatively estimate the duration of the Taupō eruption on the basis of obtained paleomagnetic directions and the rate of change of the NZPSV10k secular variation curve. Recent paleomagnetic studies reported that eruption durations of some large scale (VEI = 6 or more) eruptions were longer than previously thought; possibly tens to a hundred years long [e.g., Geissman et al. (2010) (Huckleberry Ridge Tuff); Hasegawa et al. (2018) (Kikai-Akahoya tephra); Mochizuki et al. (2022 and in prep) (Shikotsu ignimbrite); Hasegawa et al. (2020) and Gravely et al. (in prep) (Mamaku ignimbrite)]. In the case of Taupō, there exists a clear erosional gap between Y3 and Y4 (see “Eruption products and sequence” section and Fig. 2). Although geological observation concluded that there was no considerable (> years) time gap (Wilson and Walker 1985), no quantitative data, such as a paleomagnetic estimation, have been published.
Using the paleomagnetic method, it is difficult to estimate the longest duration because secular variation can generally return to a similar direction after irregular and indeterminate intervals of time. To estimate the shortest duration, we assumed the fastest changing rate of the PSVC. The fastest rate of change, calculated in 50 year-windows over the past 2000 years from New Zealand is 0.18°/year in declination and 0.09°/year in inclination (Turner et al. 2015a). The shortest duration (time) can be calculated by dividing an angular difference by the fastest rate of change. In this calculation, we took the mean directions from Y1 and Y4-lower units, the difference between which is the largest among the Taupō eruption sequence. Although the angular distance is calculated as 3.4°, the directions of Y1 and Y4-lower are indistinguishable from each other considering their α95 values (Table 1, Fig. 7). For a simple quantitative estimate however, we used the differences in declination and inclination between the two units (Y1 and Y4-lower) as follows: |3.9°–7.1°|= 3.2° and |− 53.4°–56.2°|= 2.8°, respectively. Then, 95% confidence limits in the declination and inclination differences were determined as ± 7.6° and ± 4.4°, respectively, based on the method of error analysis (Demarest 1983). To generate a difference of 3.2° ± 7.6° in declination, it takes 17.8 ± 42.2 years assuming the fastest changing rate of 0.18°/year. Similarly, the shortest duration calculated from the inclination difference, 2.8° ± 4.4°, is estimated as 31.1 ± 48.9 years. As mentioned above, because the angular difference is smaller than the uncertainty, the estimate of duration may be attributed as “zero”, or little to no discernable time interval between Y1 and Y4-lower. If focusing on only angular difference without uncertainty, the duration of the Taupō eruption can be estimated to be several tens of years. In this instance, our results are consistent with qualitative geological observations and estimations of the eruption duration (see “Eruption products and sequence” section). Although there is a clear erosional surface between Y3 and Y4, the formation of this surface following the deposition of Y3 may have occurred too quickly to be detected by the paleomagnetic method. However, if the time break between Y3 and Y4 was on the order of several decades to a hundred years, we are confident that the difference in paleomagnetic directions in our data would have provided quantitative evidence for this (cf. Hasegawa et al. 2020; Gravley et al. in prep; Mochizuki et al. in prep).

Paleomagnetic control of the age of Taupō eruption
Finally, paleomagnetic dating was conducted by comparing the overall mean ChRM direction of the deposits to the available paleosecular variation curve (PSVC) for New Zealand using the MATLAB based dating tool of Pavón-Carrasco et al. (2011). The method provides a calculation tool for paleomagnetic dating purposes based on the combination of temporal probability density functions of two or three of the geomagnetic field elements-declination, inclination and intensity. It takes into consideration the uncertainties of the discrete declination and inclination records and those of the secular variation curve.
In this paper, we used the latest PSVC directional record for New Zealand (NZPSV10k; Turner et al. 2015b) which has been updated with recently published radiometric ages and volcanic data in New Zealand. NZPSV10k is compiled from paleomagnetic data from ten sediment cores from three lakes, each independently dated using a combination of radiocarbon dating of included organic material and tephra correlation. NZPSV10k is presented for a latitude of 40 °S and a longitude of 175 °E. To compare a paleomagnetic direction from other locations with NZPSV10k it is necessary to “relocate” it to 40 °S, 175 °E, to compensate for the geographical variation in field, particularly the latitudinal variation due to its dominant geocentric axial dipole component. This is most commonly done by a “virtual geomagnetic dipole relocation”. This entails calculating the orientation and/or strength of the geocentric dipole that would produce the observation, then calculating the direction and/or intensity of the field this dipole would yield at the reference location, in this case 40°S, 175°E. Numerical experiments show that this approach is reliable to better than 0.1°/100 km over the extent of New Zealand.
Correlation of the declination and inclination of our overall mean direction (Dec = 4.3°, Inc = − 55.3°, α95 = 1.3°, N = 38) after relocation to 40°S, 175°E, as shown in Fig. 10a, yields a probability density function (95% confidence) with two matching age ranges: 2007 BP–1779 BP (57 BCE–171 CE) peaking at 1980 BP and 1870 BP (30 BCE and 120 CE), and 1748 BP–1576 BP (202 CE–374 CE) peaking at 1640 BP (310 CE) (Table 2 and Fig. 10a). The younger of the matched age ranges encompasses the wiggle matched date of 232 ± 10 CE of Hogg et al. (2012). It also extends to younger ages, and in fact peaks at 310 CE, close to the highest probability peak and generalized linear model fit of calibrated 14C ages on samples from distal areas (> 60 km) from the vent(s) of the Taupō eruption presented by Holdaway et al. (2018, 2019). Holdaway et al. (2018, 2019) emphasize the possibility that magmatic (14C-depleted) carbon dioxide (degassed from groundwater) at proximal areas might bias the wiggle-match age of Hogg et al. (2012, 2019), while Hogg et al. (2019) do not accept the suggestion due to unlikeliness of such contamination from groundwater at the sampling site of the wiggle-matched date. The probability density field of our paleomagnetic dating with 65% confidence excludes 232 ± 10 CE (Fig. 10a), and the 310 CE is more consistent with the suggested age by Holdaway et al. (2018)—a Taupō eruption that occurred decades to a century after 232 CE. Interestingly however, the shallower inclination of the direction calculated by Greve et al. (2017) from the lithic fragment data of McClelland et al. (2004), shifts the paleomagnetic age match back to 50 CE–270 CE, with only very minor peaks at later dates (Fig. 10b). Only ages between 50 BCE and 148 CE or between 205 CE–270 CE are consistent with both at the 95% level of confidence.[image: ]
Fig. 10Results of paleomagnetic dating based on Pavón-Carrasco et al. (2011), and the paleosecular variation curve (PSVC) reference model (NZPSV10k by Turner et al. 2015b). PSVC for the declination, inclination are shown as thick red lines (thin red lines for the associated α95% level), together with the probability density curves (in orange-shade below each PSVC). Paleomagnetic declination, inclinations of our samples (re-located: see text in detail) are shown in the PSVC graphs as blue straight lines; the green dashed lines above and below are the associated α95% levels. The final combined probability density curves are shown in blue-shade (the 65% and 95% confidence levels are shown as a green line, respectively). a Taupō sequence (air falls and ignimbrite of Unit Y) (this study), b lithic fragments in Taupō ignimbrite (McClelland et al. 2004; data compiled by Greve and Turner 2017), c Mapara tephra (Unit X) (this study)

Table 2Summary of paleomagneti age estimation


	Unit
	Dec
	Inc
	α95
	BP
	BCE/CE

	Unit Y
	4.3
	 − 55.3
	1.3
	2003–1802 or 1745–1577
	53 BCE–148 CE or 205 CE–373 CE

	*
	4.45
	 − 56.58
	1.3
	 	 
	Lithic fragments
	3.9
	 − 52.2
	2.4
	2000–1680
	50 BCE–270 CE

	*
	4.11
	 − 53.57
	2.4
	(or 1623–1560 or 1443–1390)
	(or 327 CE–390 CE or 505 CE–560 CE)

	Unit X
	358.8
	 − 54.3
	2.9
	2020–1859
	70 BCE–91 CE

	*
	358.87
	 − 55.48
	2.9
	(or 1768–1202)
	or 182 BCE–748 CE


* Dec and Inc relocated to 40S, 175E (in italics)
Preferred palaeomagnetic age estimates in bold, other matches in italics



In addition, we calculated the age of unit X by the same method. The unit X (Mapara tephra) is stratigraphically lower than unit Y (Taupō tephra), and the 14C date can be recalculated as ca. 2100–2000 BP (calibrated by OxCal 4.4 based on SHCal20 curve from the average 14C age of 2160 ± 25 given by Froggatt and Lowe 1990). Our paleomagnetic dating yields matching age ranges between 2028 and 1850 BP (95% probability) or between 2000 and 1900 BP (65% probability), as well as a younger match which is unfeasible on stratigraphic grounds (Fig. 10c). The paleomagnetic age of Mapara tephra (unit X) overlaps the probability peak of the calibrated 14C dates at ca. 2000 BP, but also admits younger ages. Our data do not reject either the wiggle matched date of 232 CE for the Taupo eruption (unit Y) or the published age of the Mapara tephra (unit X) but there remains the possibility of biased 14C dates due to magmatic carbon flux in this area, especially in young samples. A more detailed, higher resolution investigation is required to unambiguously resolve the issue.


Conclusion
This study is the first that reports paleomagnetic data acquired for the entire Taupō eruption sequence. It aims to provide further constraints on the eruption age and duration of the Taupō eruption, using paleomagnetic techniques. Key conclusions are:	1.
Reliable paleomagnetic data can be obtained from soft and thin tephra layers sampled using a specialized oriented cubing tool. The cube sample should be taken from the fine ash parts of pyroclastic layers without lapilli sized grains.

 

	2.
Air fall units record remanent magnetic directions at the time of deposition. Although the magnetization process might be depositional, the direction is consistent with that of co-eruptive ignimbrite, which retains a thermoremanent magnetization.

 

	3.
The overall mean paleomagnetic direction of the Taupō eruption sequence obtained in this study is Dec = 4.3°, Inc = − 55.3° with 95% confidence of 1.3°. This direction is consistent with the published mean calculated for lithic fragments emplaced within the Taupō ignimbrite (McClelland et al 2004; Greve and Turner 2017).

 

	4.
Our best mean paleomagnetic directions between the individual eruptive units differ by no more than 4.1° in declination and 2.8° in inclination. Assuming that all deposits were magnetized during or immediately following their emplacement, these results indicate that the entire eruption occurred over a timeframe less than a few decades. This result supports geological observations (Wilson and Walker 1985; Smith and Houghton 1995a, b), which indicate that the entire eruption sequence was deposited in a matter of days to weeks or possibly months.

 

	5.
Paleomagnetic dating was carried out by correlating declination and inclination records, and their associated errors with the latest secular variation curve NZPSV10k of (Turner et al 2015b). At the 95% confidence level, our proposed age band (205 CE–373 CE) encompasses Hogg et al. (2012) original radiocarbon age of 232 CE as well as the proposed younger age around 310 CE (Holdaway et al. 2018, 2019). The probability density function peaks at ~ 310 CE, which coincides with the proposed radiocarbon age of Holdaway et al (2018, 2019). Hence although neither age estimate can be excluded the results support a hypothesis that the Taupo eruption may have occurred decades to a century earlier than originally thought.

 




Paleomagnetic studies are usually conducted on lava flows or welded tuffs, but here we provide a method that can expand such paleomagnetic studies to evaluate the duration and mode of emplacement and the absolute age of tephra that is not deposited under hot conditions where thermoremanent magnetization occurs. In addition, characterizing and calculating remanent magnetization of ash fall deposits, such as the many layers of the Taupō eruption sequence, opens up further possibilities for correlating more globally distributed tephra, including those found in marine and ice cores.
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