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Sixteen 14 C-dated Hawaiian surface lava flows spanning 0-4.5 ka have been investigated using the microwave perpendicular applied field palaeointensity technique and classical thermal Thellier-Thellier palaeointensity technique in parallel. The overall microwave experimental success rate is 63% compared to 59% in the thermal experiments. 19% of the microwave results are deemed 1st class compared to 52% of the thermal results. High palaeointensities and a large amount of within-flow variation are seen in the microwave results with reliable palaeointensity estimates ranging from 25.10-82.94 µT. These variations do not appear to be systematically related to variations in rock magnetic properties such as mineralogy, grain size, texture or oxidation state. The flow-means from the microwave and thermal studies agree for nine of the 13 flows that can be directly compared and the average

Introduction

Palaeointensity analysis is vital for full vector characterisation of the temporal and spatial variation of the geomagnetic field. The classical Thellier-Thellier technique (Thellier and Thellier, 1959) and the Coe variant [START_REF] Coe | Paleo-intensities of the Earth's magnetic field determined from Tertiary and Quaternary rocks[END_REF] are the most commonly used palaeointensity methods, but are notoriously time consuming and have a low experimental success rate: authors often report success rates as low as 10-20% [START_REF] Valet | Time variations in geomagnetic intensity[END_REF]. For conventional thermal methods to be successful, no thermo-chemical alteration must occur during much of the experiment.

Microwave palaeointensity methods use a different process to transfer energy to the magnetic remanence carriers: instead of an external heat source, high frequency microwaves are used to directly excite magnetic minerals and generate magnons (spin waves) [START_REF] Walton | Microwave demagnetization[END_REF][START_REF] Walton | Microwave magnetisation[END_REF]. The initial production of phonons is by-passed, but heat is produced as magnons degenerate into phonons. However, the sample matrix is heated to a much lesser extent than A c c e p t e d M a n u s c r i p t in thermal palaeointensity methods [START_REF] Walton | Resetting the magnetization of assemblages of nanoparticles with microwaves[END_REF][START_REF] Walton | Response of magnetic nanoparticles to microwaves[END_REF]. [START_REF] Hill | Magnetic field intensity study of the 1960 Kilauea lava flow, Hawaii, using the microwave palaeointensity technique[END_REF] concluded that microwave palaeointensity methods could demagnetise grains that unblock thermally at 500-600 • C without raising the bulk sample temperature above 200 • C. Keeping the bulk sample temperature to a minimum decreases the chance of thermo-chemical alteration, potentially increasing the success rate of the experiment. A second advantage of microwave palaeointensity methods is time: the microwaves are applied for a short duration (maximum 10 s) which further decreases the chance of heating and also results in quick experiments. Samples are treated individually so each experiment can be tailor-made and completed in under 2 hours, in contrast to an 8-12 week turnaround for samples batch heated in groups of 70-120 in the classical thermal Thellier-Thellier method.

There are a number of published papers comparing results from microwave palaeointensity experiments with results from conventional thermal palaeointensity experiments. Whilst a proportion of these comparative studies find the results from the different palaeointensity techniques to be statistically comparable (for example, Gratton et al., 2005a;[START_REF] Garcia | Low geomagnetic field intensity during the Kiaman superchron: Thellier and microwave results from the Great Whin Sill intrusive complex, northern United Kingdom[END_REF], other comparative studies document discrepancies (for example, Gratton et al., 2005b;[START_REF] Hill | Determining palaeointensity from the Gilbert Gauss Reversal recorded in the Pu'u Haleakala lava section, Wai'anae Volcano, Oahu, Hawaii[END_REF] which are as yet unexplained by physics. [START_REF] Donadini | Holocene geomagnetic paleointensities: A blind test of absolute paleointensity techniques and materials[END_REF] have conducted a blind test of absolute palaeointensity techniques and observe a slight, but statistically insignificant offset between thermal and microwave palaeointensity data in the GEOMAGIA50 database. The authors conclude that more data are necessary to show whether the discrepancy is significant or not. This is the main motivation behind this study.

We investigated 16 surface lava flows from the Big Island, Hawaii -a subset of the 35 flows studied in Pressling et al. (2006). These flows erupted from A c c e p t e d M a n u s c r i p t the Kilauea, Mauna Loa and Hualalai volcanoes (Figure 1), over the time period 0-4.5 ka as determined by radiocarbon dating (Rubin et al., 1987;[START_REF] Wolfe | Geologic map of the Island of Hawaii[END_REF]. The samples were taken from the extensive United States Geological Survey (USGS) archives with five samples per flow assigned to the thermal palaeointensity analysis and five samples to the microwave palaeointensity analysis. Sourcing the palaeomagnetic samples from the USGS archives ensures that the ten samples per flow (five for each technique) originate from the same flow unit.

The results from the microwave palaeointensity analysis are presented in this paper. Classical Thellier-Thellier palaeointensity analysis on 11 of the 16 flows was done at the Laboratoire des Sciences du Climat et de l'Environnement (LSCE) in Gif-sur-Yvette, France. The experiments produced good quality palaeointensity estimates with an unusually high success rate. The results, published in Pressling et al. (2006), are robust, but higher on average than previously published surface lava flow data from Hawaii. Samples from five flows were analysed using the Coe variant of the classical Thellier-Thellier method at the Hawaii Institute of Geophysics and Planetology (HIGP) (unpublished).

Rock Magnetic Analysis

A Magnetic Measurements Variable Field Translation Balance (VFTB) at the University of Liverpool Geomagnetism Laboratory was used to determine the hysteresis and thermomagnetic properties of one representative sample per flow.
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Hysteresis Properties

The ratios of saturation remanence to saturation magnetisation (M rs /M s ) and coercivity of remanence to coercivity (B cr /B c ) were used to establish the bulk magnetic grain size [START_REF] Day | Hysteresis properties of titanomagnetites: grain-size and compositional dependence[END_REF]. Figure 2 shows that the majority of samples are in the pseudo-single domain (PSD) size range as a mixture of single domain (SD) and multi-domain (MD) grains (Dunlop, 2002b). The hysteresis curves are grouped into four categories according to their paramagnetic content and bulk grain size: samples in Groups 1→4 in Figure 2 show an increase in grain size illustrated by a progressive tightening of the hysteresis loops at the origin and their relative positions on the Day plot. Hysteresis loops in Group 3 show wasp-waisted characteristics which suggest a SD+SP (superparamagnetic) mixture (Tauxe et al., 1996). A lower superparamagnetic content is seen in Group 4, where saturation magnetisation is reached at a lower field. Column 4 of Table 2 details the hysteresis category of the one representative sample from each flow.

Thermomagnetic Properties

The thermomagnetic results from the VFTB agree with the thermomagnetic results from the Curie balance tests that were performed on sister-samples at LSCE (Pressling et al., 2006). The thermomagnetic curves are categorised into four groups (column 3 of Table 2) as shown in Figure 3. Samples in Group 1 show curves with a single ferrimagnetic phase at a low Curie temperature (∼200 • C), which is indicative of high-Ti titanomagnetite that cooled sufficiently rapidly for no high-temperature deuteric oxidation to occur (Manki-
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A c c e p t e d M a n u s c r i p t nen et al., 1985). This group represents 27% of the samples analysed. Thermomagnetic curves exhibiting a single ferrimagnetic phase with a high Curie temperature between 500-580 • C, typical of Ti-poor titanomagnetite, are categorised as Group 2-type samples and comprise 13% of the sample population.

Ti-poor titanomagnetite is a good recorder of the magnetic field and the two samples in this group illustrate good reversibility. Group 3-type samples are characterised by more complex behaviour which suggests the presence of two ferrimagnetic phases, one with a lower Curie temperature (200-300 • C) and one with a higher Curie temperature (470-500 • C). The low-temperature carrier is likely to be titanomaghaemite; the high temperature carrier is likely to be Tipoor titanomagnetite. Samples in sub-group 3a (20% of the samples analysed) have shallower curves compared to those constituting sub-group 3b (40% of the samples analysed). Column 3 of Table 2 details the thermomagnetic group of the one representative sample from each flow.

Microscopy

Back-scattered electron (BSE) microscopy was used to look at the crystal morphology of ten samples. The density of magnetic grains and their size and texture can provide insights into the rate of cooling and oxidation conditions.

The BSE images in Figure 4 are arranged in order of decreasing rates of cooling: (a)→(f). Samples that are quenched or cooled at a fast rate have Fe-Ti crystals with anhedral morphologies: dendritic, skeletal or cruciform in shape (e.g. label 1, Figure 4b). At slower cooling rates, the crystals have time to grow into euhedral grains (e.g. label 2, Figure 4d) with a small number of well developed planar faces [START_REF] Hammer | Influence of f O 2 and cooling rate on the kinetics and energetics of Fe-rich basaltic crystallization[END_REF]. Elemental composition analy-

6

A c c e p t e d M a n u s c r i p t sis could not be performed on any of the samples as the target grains were smaller than the electron microprobe spot size. However, distinction between the various stages of oxidation could still be inferred from observations of the larger magnetic grains and classified according to [START_REF] Haggerty | Oxide minerals: petrologic and magnetic significance[END_REF]. Seven of the samples have textures indicative of rapid cooling, implying low amounts of oxidation. Samples 6B402 and 9B071 show C2 stage oxidation with a small number of exsolved ilmenite lamellae present (e.g. label 3, Figure 4e). Sample 3A063 was cooled more slowly and the primary ilmenite phase occupies an R4 intermediate oxidation state (label 4, Figure 4f). No samples were found to be in higher oxidation states.

Microwave Palaeointensity Experiments

The microwave palaeointensity experiments were carried out using the 14 GHz microwave system at the University of Liverpool. Full details of the theory, experimental set-up and procedures used can be found in Hill et al. (2002a,b), [START_REF] Halls | Microwave palaeointensities from dyke chilled margins: a way to obtain long-term variations in geodynamo intensity for the last three billion years[END_REF] and Gratton et al. (2005a,b).

The perpendicular applied field method of Kono and Ueno (1977) was used as a substitute for the classical thermal Thellier-Thellier method used in Pressling et al. (2006). The applied laboratory field, and thus any microwave-induced partial thermal remanent magnetisation (pT M RM), is perpendicular to the characteristic natural remanent magnetisation (NRM) direction of a sample.

Since the laboratory field and sample NRM are both known vector quantities, the NRM and T M RM components of the total magnetic vector can be calculated after only a single microwave application. However, for this technique to work, a sample is required to first be demagnetised in a zero field until the pri-
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A c c e p t e d M a n u s c r i p t mary component of magnetisation is isolated. Orthogonal vector plots (OVPs) [START_REF] Zijderveld | Methods in paleomagnetism[END_REF] generated in the previous thermal experiments showed that all the samples exhibited a stable characteristic NRM direction. Some samples showed the presence of a small viscous remanent magnetisation (VRM) component that was easily removed in the low temperature steps.

Microwaves were initially applied for 5 s and the power increased in increments of 3-12 W, depending on the rate of demagnetisation. At the maximum power of 80 W, the application time was subsequently increased in steps to the maximum 10 s. To minimise experimental error, the magnitude of the applied laboratory field, set independently for each sample, was less than or equal to the corresponding palaeointensity result from the thermal experiments (Tanaka and Kono, 1984;[START_REF] Yu | Toward an optimal geomagnetic field intensity determination technique[END_REF]. pT M RM checks and tail-checks (Riisager and Riisager, 2001;Shcherbakova et al., 2000) were conducted by reproducing the resonant conditions within the microwave cavity of a previous power step. This was done by ensuring the tuning characteristics of the two steps were the same. The first paper to be published with such checks was Thomas et al. (2004). Checks were possible prior to this but were limited by the equipment which has subsequently been developed to directly monitor the power reproducibility. In this paper, tailchecks (zero-field demagnetisation at the current power level) and pT M RM checks (in-field remagnetisation step at a previous power level) were generally performed every two power steps.

Microwave palaeointensity methods use sub-samples 5 mm in diameter by 1-3 mm long. These were drilled from parent cores leaving enough surplus material available for secondary analysis if needed. In the classical thermal 8 A c c e p t e d M a n u s c r i p t Thellier-Thellier experiments, an initial test run on 70 half-size (25 mm diameter x 12.5 mm length) samples was carried out. Application of the PICRIT-03 selection criteria [START_REF] Kissel | Improvements in procedure and paleointensity selec-23 Thellier and microwave palaeointensity techniques using high-titanium titanomagnetiites: results from a Tertiary basaltic intrusion from the Sydney Basin, New South Wales[END_REF] resulted in the failure of 42 of the samples. Twin half-samples of those that failed were subsequently processed in a second round of experiments specifically designed to take into account the rapid loss of magnetisation seen -the main reason for failure -by lowering the starting temperature and using smaller step-sizes. This resulted in increasing the overall success rate. The same idea was employed in the microwave palaeointensity experiments: if a sample failed the selection criteria, a second sub-sample was drilled from the remaining parent material and processed.

The applied power and the step-sizes were modified based on knowledge of the behaviour of the sample during the first experiment.

Selection Criteria

Selection criteria, based on the analysis of Arai diagrams (Nagata et al., 1963), are used to identify and reject poor-quality data. However, there are no universally agreed standard selection criteria: different authors and laboratories adopt different practices. Table 1 documents the range of selection criteria applied to microwave palaeointensity data produced at the University of Liverpool over the last 4 years.

We initially applied the same set of selection criteria to the microwave results that were applied to the thermal results (PICRIT-03 from [START_REF] Kissel | Improvements in procedure and paleointensity selec-23 Thellier and microwave palaeointensity techniques using high-titanium titanomagnetiites: results from a Tertiary basaltic intrusion from the Sydney Basin, New South Wales[END_REF]. However, a microwave experimental success rate of only 16% was achieved, compared to a 53% success rate for the thermal experiments. The stringent DRAT and CDRAT parameters and the required number of pT M RM 9 A c c e p t e d M a n u s c r i p t checks were the main reasons for failure of the microwave samples. Subsequently, new selection criteria were devised and applied to both datasets in order to provide results for direct comparison between the two methods.

The classification system of [START_REF] Brown | Microwave palaeointensity from the R3-N3 geomagnetic field reversal[END_REF] pTRM tail-checks were not performed in the classical thermal Thellier-Thellier study because the angular relation between the applied laboratory field and the sample NRM was unknown. However, in the microwave palaeointensity experiments, the applied laboratory field is perpendicular to the sample NRM, which can lead to an over-estimation of tail-checks [START_REF] Yu | Toward an optimal geomagnetic field intensity determination technique[END_REF]. Therefore, although a tail-check criterion has been employed to detect MD-like behaviour, failure only leads to the result being classified as 2nd class. 10

Results

The results for the 79 samples analysed in this suite of microwave palaeointensity experiments are listed in Table 2. 1st class results account for 19% of the total microwave data set. 44% of the samples analysed yielded 2nd class results. Examples of 1st and 2nd class results are shown in Figures 5 and6 respectively. For comparison, the corresponding Arai diagrams from the thermal experiments are also shown in Figures 5 and6, adjacent to the appropriate microwave results.

In comparison to PICRIT-03, the selection criteria applied in this study are stricter with regard to N P ts , f , g, q and r (as defined in Table 1). This resulted in the failure of five samples that had been successful in the original classical thermal Thellier-Thellier study. The new criteria are less strict with regard to the minimum number of successful pTRM checks, and the DRAT and CDRAT parameters; four samples that had failed the PICRIT-03 criteria were subsequently successful in this study (Figure 7). All the successful results from the thermal experiments were re-ranked in accordance with [START_REF] Brown | Microwave palaeointensity from the R3-N3 geomagnetic field reversal[END_REF]: 52% are deemed 1st class and 8% 2nd class. Table 3 lists 4 summarises the flow averages for each of the experimental techniques.

Discussion

Success Rate

Microwave palaeointensity techniques are designed to reduce sample heating and subsequently reduce the chance of thermo-chemical alteration, increasing the success rate of the experiment. The overall success rate from the microwave study is slightly higher than the thermal study: 63% compared to 59% respectively. However, the microwave success rate is dramatically reduced to 19% 12 A c c e p t e d M a n u s c r i p t if only the 1st class results are taken into account, i.e. those that passed all the criteria, whereas 52% of the thermal results are deemed 1st class. We note that the success rate of the thermal palaeointensity experiments is unusually high compared to other comparable studies. This can be attributed to a combination of factors:

(i) The samples were pre-selected because of their suitability for the classical thermal Thellier-Thellier experiment, i.e.intact samples were preferred to glued ones, and oxidised or weathered samples were avoided.

(ii) The experiments were specifically designed to accommodate the rapid loss of magnetisation seen by using low starting temperatures and small temperature increments.

(iii) The complimentary twin half-samples of those that failed the selection criteria after an initial test run were used in a second round of experiments.

(iv) The experiments were performed in an inert argon atmosphere and with charcoal chips acting as buffers, thereby minimising oxidation.

(v) The demagnetisation process was continuously assessed allowing an informed decision to be made with regard to the next step, i.e.pTRM check or change in step-size.

(vi) The temperature controls on the furnaces allow the temperature to be reproduced to within 1-2 • C for the pTRM checks.

Quality

The individual quality of the successful microwave results (q = 27.34) was greater than the successful thermal results (q = 17.30), consistent with the 13 A c c e p t e d M a n u s c r i p t conclusions of previous studies (e.g., [START_REF] Halls | Microwave palaeointensities from dyke chilled margins: a way to obtain long-term variations in geodynamo intensity for the last three billion years[END_REF]. Analysing the 1st and 2nd class microwave results separately reveals little difference in q (29.84 and 26.27 respectively). However, the 2nd class samples should be of lower quality since their checks fail the selection criteria; this is not taken into account with the Coe definition of the quality factor [START_REF] Coe | Geomagnetic paleointensities from radiocarbon-dated lava flows on Hawaii and the question of the Pacific 21 nondipole low[END_REF]. Hence, weighted flow-means have not been calculated in this study as both the Coe and Prévot weighting regimes depend heavily on q [START_REF] Coe | Geomagnetic paleointensities from radiocarbon-dated lava flows on Hawaii and the question of the Pacific 21 nondipole low[END_REF]Prévot et al., 1985).

Sample Variability

The complete microwave dataset (1st and 2nd class results) exhibits large (in-line with the PICRIT-03 selection criteria) will reduce the variation seen, but at the expense of rejecting an additional 14 samples, again losing useful information. An alternative approach would be to re-define the 2nd class category, restricting it to comprise samples that fail only one of the three criteria associated with pT M RM checks and tail-checks. This would eliminate four of the rejected outliers without affecting the more reliable results.

High Palaeointensities

Five microwave samples produced very high palaeointensities, greater than would also ensure that slope curvature inherent to PSD and MD dominated samples becomes apparent in the Arai plots [START_REF] Biggin | The application of acceptance criteria to results of Thellier palaeointensity experiments performed on samples with pseudo-single-domain-like characteristics[END_REF].

Method Comparison

The samples used in both the microwave palaeointensity study and the thermal palaeointensity study were taken from the USGS archives and thus unambiguously originate from the same flow unit. In addition, the same set of selection criteria has been applied to both datasets. Therefore, any differences between the two datasets should be due to natural in-flow variations rather than be systematic and linked to the experimental method. Neither method is systematically more precise, although the average error in the thermal experiments is 12.05%, compared to 15.15% in the microwave experiments.

Conclusions

The microwave experimental success rate is slightly higher than the thermal experimental success rate, 63% compared to 59% respectively. However, only 19% of microwave results are of a 1st class standard compared to 52% of the thermal results. If a microwave result is successful, then often the associated quality factor, q, is high. This is true even when pT M RM checks and tail-checks appear to fail. Therefore, calculating weighted flow-means can be misleading with regard to the 2nd class results. Some very high palaeointensities and a large amount of within-flow variation are seen in the microwave results which does not appear to be strongly related to variations in the rock magnetic properties of the samples: mineralogy, grain size and texture and oxidation state. This variation is not as apparent in the thermal palaeointensity data.

The observation of significant sample variability within a single flow suggests that performing rock magnetic analyses on only one representative sample
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A c c e p t e d M a n u s c r i p t per flow is not appropriate. To fully understand the behaviour of individual samples, hysteresis and thermomagnetic properties should be determined for all samples investigated. Imposing stricter criteria is not a foolproof method of identifying erroneous palaeointensities and can lead to the loss of valuable information held in some of the more reliable 2nd class microwave results. A c c e p t e d M a n u s c r i p t In addition, the thermal results are all consistent and give a flow-mean of 56.33 ± 6.93 µT. Table 1.

Different selection criteria applied to microwave studies at the University of Liverpool during the last 4 years. N P ts is the number of points in an accepted segment; N C , the number of successful pT M RM checks. f, g, q are the NRM fraction, gap factor and quality factor respectively [START_REF] Coe | Geomagnetic paleointensities from radiocarbon-dated lava flows on Hawaii and the question of the Pacific 21 nondipole low[END_REF]. r is the regression coefficient of the least squares line of best fit. β is the standard error/absolute value of the slope of the Arai plot. Maxθ 1 + θ 2 should equal 90

•
if the NRM and the applied laboratory field are truly perpendicular (perpendicular field method of Kono and Ueno, 1977). Max|DRAT| is the maximum absolute DRAT percentage for the accepted pT M RM checks (percentage difference between repeat pTRM steps normalised by the length of the NRM-TRM segment: Selkin and Tauxe, 2000) and CDRAT is the cumulative DRATs of all used pT M RM checks [START_REF] Kissel | Improvements in procedure and paleointensity selec-23 Thellier and microwave palaeointensity techniques using high-titanium titanomagnetiites: results from a Tertiary basaltic intrusion from the Sydney Basin, New South Wales[END_REF]). † Limiting DRAT only 10% (pers.

comm.), not 20% as stated in Gratton et al. (2005b). MaxTC is the maximum pT M RM tail-check (Riisager and Riisager, 2001;Shcherbakova et al., 2000): the percentage difference in magnetic remanence between two zero-field measurements. σ B /B (standard error/mean field) is a within-flow consistency check taken into account when calculating flow-mean palaeointensities (Selkin and Tauxe, 2000). PICRIT-03 [START_REF] Kissel | Improvements in procedure and paleointensity selec-23 Thellier and microwave palaeointensity techniques using high-titanium titanomagnetiites: results from a Tertiary basaltic intrusion from the Sydney Basin, New South Wales[END_REF] is the selection criteria applied to the classical thermal Thellier-Thellier data in Pressling et al. (2006). In bold are the criteria used in this study.

Table 2.

Individual results for the 79 samples analysed using the microwave palaeointensity method listed in chronological order. Parameters are the same as those
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in Table 1. Additionally: TM and H are the thermomagnetic and hysteresis groups as determined by rock magnetic analyses on one representative sample per flow (indicated). E range shows the minimum and maximum energy steps for the accepted segment, written as power(W)/time(s), when time = 5 s. F lab (µT) is the strength of the applied laboratory field and F (µT) is the estimated palaeointensity, derived from the Arai plots, with associated standard deviation. Class refers to the ranking system of [START_REF] Brown | Microwave palaeointensity from the R3-N3 geomagnetic field reversal[END_REF] described in the text. † Note: Flows 8B937 and 9B325 each have samples with two different identification codes.

Table 3.

Sample level results for the nine classical thermal Thellier-Thellier samples whose results are different to those quoted in Pressling et al. (2006), and the previously unpublished results from the 25 samples analysed using the Coemodified thermal Thellier-Thellier palaeointensity method at HIGP. Structure as in Table 2 except the E range column is replaced by T range : minimum and maximum temperature steps ( • C) for the accepted segment.

Table 4.

Mean palaeointensity determinations for 16 lava flows on the Big Island, 

  has been used to rank the reliability of the samples: 1st class results pass all the individual criteria; samples that fail only the DRAT, CDRAT and tail-check criteria are categorised as 2nd class results; rejected samples are ranked as class 3. The 2nd class category is included to account for the present inability to distinguish whether pT M RM checks fail because of thermo-chemical alteration or because the microwave equipment has not accurately replicated the cavity conditions and amount of power absorbed by the sample in a previous step. However, in the context of the classical thermal Thellier-Thellier study, a 2nd class category as defined above, becomes redundant. The temperature controls on the furnaces used at LSCE accurately repeat a given temperature of a previous step to within 1-2 • C. This removes the possibility that any failed pTRM checks are due to temperature non-reproducibility, but are instead caused by thermo-chemical alteration. In which case, such samples should technically be ranked as class 3.

  the nine samples whose results are different to those quoted in Pressling et al. (2006). Table 3 also lists the previously unpublished data for the five flows (25 samples) analysed at HIGP using the Coe-variant of the thermal Thellier-Thellier technique. Initially, both the 1st and 2nd class results were used to calculate the unweighted flow-mean intensities for the each of the palaeointensity techniques. However, if individual 2nd class results caused a significant degree of within-11 A c c e p t e d M a n u s c r i p t flow scatter, i.e. σ B /B > 25% (Selkin and Tauxe, 2000), they were discarded. For example, the successful microwave results from flow B2522 yielded palaeointensity estimates of 60.87 and 54.09 µT (both 1st class), and 136.81 and 54.09 µT (both 2nd class due to poor pT M RM tail-checks and DRAT values respectively). Taking the average of all four results gives a flow-mean of 81.33 ± 37.86 µT, where the error is 46.6%. However, eliminating the higher of the two 2nd class results from the calculation gives a flow-mean of 62.84 ± 9.88 µT, where the error is now an acceptable 15.7%. The microwave palaeointensity experiments produced 13 reliable flow-means, the majority of which were calculated from one or two results per flow. The three other flows (9B061, B0623 and B3590) failed the within-flow consistency checks. The thermal palaeointensity experiments produced 15 reliable flowmeans; only flow B3590 did not pass the within-flow consistency checks. Four flows had only one successful result out of the five analysed but six flows had their flow-mean calculated from four or five successful results. Table

  variation: palaeointensity values range from 23.07-204.84 µT. The complete thermal dataset is not as variable: all the values of palaeointensity are within one standard deviation of the microwave sample-mean palaeointensity. A consequence of this level of variability is large error percentages when calculating the flow-mean intensities. When all the data is used, only four flows have errors less than 25% and thus constitute a reliable average(Selkin and Tauxe, 2000). Only flow 3A001 qualifies for the[START_REF] Biggin | A method to reduce the curvature of Arai plots produced during Thellier palaeointensity experiments performed on multidomain grains[END_REF] definition of good within-flow consistency (10% error and n ≥ 2). Elimination of 15 less reliable 2nd class results was necessary in order to obtain sufficient within-flow consistency (σ B /B < 25%) for 13 flows. In addition, rejecting these 15 results reduces the amount of variation in the complete dataset: palaeointensity values now range from 25.10-82.94 µT.

Figure 8

 8 Figure8shows all the successful microwave results grouped according to their hysteresis and thermomagnetic properties. It can be seen that the samples

  95 µT (microwave sample-mean plus one standard deviation). The palaeointensity results from all five samples are of 2nd class standard and were dismissed from the flow-mean calculations for causing too much within-flow variation. None of the Arai diagrams could be interpreted differently. The highest 1st class microwave result is 90.86 ± 1.80 µT (sample 9B067-AB). A second sample from the same flow (9B071-AB) also gave a 1st class result, but much lower at 58.65 ± 3.16 µT. The thermal palaeointensity experiments on samples from this flow produced four successful results ranging from 68.92 -87.06 µT: the three highest results were of 1st class standard. This would suggest that the higher of the two microwave palaeointensity values is a better estimate of the true field strength.Lightning is common in the tropics and high values of palaeointensity could be records of IRM components. To support this hypothesis, we would expect 16 A c c e p t e d M a n u s c r i p t the suspect samples to have strong NRMs and directions anomalous to the flow trend or, since palaeomagnetic drill sites cover relatively small areas, we may expect more than one sample per flow to be similarly affected. However, none of the five microwave samples with high palaeointensities show these characteristics (Figure9). Yamamoto et al. (2003); Mochizuki et al. (2004); Oishi et al. (2005); Yamamoto and Tsunakawa (2005) found a relationship between intermediate high-temperature oxidation states and high palaeointensity measurements.The back-scattered electron images suggest that nine of the ten samples analysed were quickly cooled and occupy a low oxidation state (C1 or C2:[START_REF] Haggerty | Oxide minerals: petrologic and magnetic significance[END_REF]. Only sample 3A063-2B (Figure4f) can be classified as being in an intermediate oxidation state (R4:[START_REF] Haggerty | Oxide minerals: petrologic and magnetic significance[END_REF]: it does not have an erroneously high palaeointensity result (65.80 µT). However, sample 4A278-3 does have a high palaeointensity result (134.70 µT), yet appears to be quickly cooled and have limited oxidation (Figure4a). We also compared a sub-sample, exposed to microwaves during the course of the microwave palaeointensity experiments, to its parent core and saw no evidence of oxidation induced alteration that could account for the poor pT M RM checks and the subsequent failure of the sample.[START_REF] Chauvin | Reliability of geomagnetic paleointensity data: the effects of the NRM fraction and concave-up behavior on paleointensity determinations by the Thellier method[END_REF] see a strong correlation between high values of palaeointensity and low NRM fractions in their data from Hawaii and Raiatea Island (French Polynesia). In the microwave study, certain flows, e.g. 6B589, hint at this relationship. However, the complete microwave dataset shows no correlation between low f and high intensity (Figure10).[START_REF] Heunemann | Directions and intensities of the Earth's magnetic field during a reversal: results from the Permo-Triassic Siberian trap basalts, Russia[END_REF] suggest the threshold NRM fraction should be at least 50%. If this limit were employed in this study, the microwave experimental success rate would suffer 17 A c c e p t e d M a n u s c r i p t more than the thermal experimental success rate as only 68% of the successful microwave results have f > 0.5, compared to 83% of the successful thermal results. Increasing the required NRM fraction, f , and regression coefficient, r,

Figure 11

 11 Figure11shows the flow-means for each technique with one standard deviation error bars. Three flows (9B061, B0623 and B3590) did not produce internally consistent flow-means for one or both of the experimental techniques. Of the 13 flows that can be directly compared, nine agree to within their error bars.

  However, by individually assessing and eliminating 15 2nd class microwave results, adequate within-flow consistency is achieved for 13 of the 16 flows studied. The flow-means from the microwave and thermal studies agree for nine of the 13 flows that can be directly compared. The average difference between the two techniques is not significantly different from zero and vindicates the inclusion of some 2nd class microwave results. Neither experimental technique produces mean intensities systematically lower or more precise than the alternative method, suggesting that the differences seen are a reflection of natural within-flow variation.

  Figure 1. The Big Island of Hawaii subdivided into its five constituent volcanoes. Open triangles show the location of the lava flows analysed using the classical thermal Thellier-Thellier technique (Pressling et al., 2006). Solid triangles show the location of the subset of 16 lava flows also analysed using microwave perpendicular applied field palaeointensity technique (this study).

Figure 2 .

 2 Figure 2. Day plot and representative hysteresis loops obtained using a VFTB. Day plot:heavy and faint lines are the boundaries between magnetic grain sizes according toDunlop (2002a) and[START_REF] Day | Hysteresis properties of titanomagnetites: grain-size and compositional dependence[END_REF] respectively; dotted (dashed) curves are SD+MD mixing curves 1 (2) fromDunlop (2002b). Open circles correspond to the four examples of hysteresis loops in order of increasing bulk grain size (Group 1 → Group 4). Paramagnetic contributions have not been removed for the hysteresis plots, but have been removed for the Day plot. IRM acquisition shows magnetic saturation was reached for all samples.

Figure 3 .

 3 Figure 3. Representative thermomagnetic curves obtained using the VFTB at the University of Liverpool (heavy lines) and the Curie balance at LSCE (faint lines).Heating regime shown as a solid line and cooling regime shown as a broken line. Group 1 curves are characterised by a single ferrimagnetic phase with a low Curie temperature; Group 2 by a single ferrimagnetic phase with a high Curie temperature. Good reversibility is seen in the latter group. Group 3-type samples exhibit a more complex behaviour which suggests the presence of two

Figure 4 .

 4 Figure 4.Back-scattered electron (BSE) images of six samples in order of decreasing rates of cooling (a)→(f). Rapidly cooled samples have Fe-Ti crystals with anhedral morphologies (label 1); slower cooling rates allow more euhedral grains to be formed (label 2). Sample 6B402 is in a low state of oxidation (C2: Haggerty, 1991) with a small number of exsolved ilmenite lamellae present (label 3). The primary ilmenite phase in sample 3A001 (label 4) exhibits an intermediate oxidation state (R4:[START_REF] Haggerty | Oxide minerals: petrologic and magnetic significance[END_REF].

Figure 5 .

 5 Figure 5. Three examples of 1st class microwave Arai diagrams (left) and their corresponding thermal Arai diagrams (right). For the microwave results, the number written beside each point is the power used at that step in watts; written as power(W)/time(s) if t = 5 s. For the thermal results, the equivalent number is the temperature at that step in degrees Celsius. Sample 9B173-AB: including the 49 W power step reduces the palaeointensity by 0.77 µT but relegates the result to the 2nd class category because of the poor associated pT M RM check. All the thermal results shown in this figure are 1st class results.

Figure 6 .

 6 Figure 6. Three examples of 2nd class microwave Arai diagrams (left) and their corresponding thermal Arai diagrams (right). Labelling as in Figure 5. Sample 3A063-2B fails the tail-check criteria with a value of 10.35% from the 25 W step. The CDRAT associated with sample 3B392-2B is 18.48%. Sample 9B180-

Figure 7 .

 7 Figure 7. Two of the four samples that failed the PICRIT-03 set of selection criteria used in Pressling et al. (2006), but passed the criteria used in this study which are less strict with regard to the DRAT and CDRAT parameters. The cause of failure in the original study is highlighted by an asterisk and is the small NRM fraction in both cases. Increasing f , results in poor DRAT and CDRAT values. For both samples, the alternative interpretation used for this study is only of 2nd class standard because of the large CDRAT values † .

Figure 9 .

 9 Figure 9. Arai diagram giving a high microwave palaeointensity result of 103.59±6.04 µT for sample 6B402-3. The corresponding OVP, generated in the classical thermal Thellier-Thellier study on a sister-sample, does not give a direction anomalous to the flow trend: the flow-average declination and inclination, calculated

Figure 10 .

 10 Figure 10. Diagram illustrating poor correlation between high intensities and low NRM fractions. Vertical line is the f = 0.4 limit applied to this study. 1st class microwave results shown as closed symbols, used 2nd class microwave results as grey symbols and rejected 2nd class microwave results as open symbols.Horizontal dashed line is the microwave sample-mean; shaded region ±1σ.

Figure 11 .

 11 Figure 11. Graph plotting the flow-mean palaeointensities against 14 C age in years BP (before present) for 16 Hawaiian surface lava flows. Error bars are one standard deviation. Closed circles represent the thermal flow-means. Open triangles represent the microwave flow-means. For reference, the present day strength of the geomagnetic field in Hawaii is also plotted. Note: Flow B3590 shows no data as neither experimental method produced a reliable flow-mean.

  Hawaii. Flow name, latitude and longitude of drill sites. Radiocarbon ages are quoted in years BP with one standard deviation. The unique 14 C laboratory number is listed if known (W represents the USGS National Center, USA; TO represents the IsoTrace Laboratory, Canada), along with the publication reference: † Rubin et al. (1987); ‡ Wolfe and Morris (1996). F T (µT) is the un-weighted mean palaeointensity calculated from the thermal results; F MW (µT) is the un-weighted mean palaeointensity calculated from the microwave results. n/N is the number of reliable determinations/total number 32 A c c e p t e d M a n u s c r i p t of analysed samples used in each flow-mean palaeointensity calculation. 33 A c c e p t e d M a n u s c r i
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	Flow	Sample	TM	H	N C /N P ts	Erange	Max|DRAT|	CDRAT	MaxTC	β	f	g	q	r	Maxθ 1 + θ 2	F lab	F	±1σ	Class
	9B061	9B061-C																	3
		9B065-C																	3
		9B067-AB			7/17	3-80/6	3.21	10.67	2.77	0.014	0.77	0.91	50.38	0.9971	90.59	70	90.86	1.80	1
		9B071-AB	3b	3	4/12	3-45	4.34	1.47	2.73	0.028	0.65	0.79	18.57	0.9924	90.96	45	58.65	3.16	1
		9B072-C																	3
	9B169	9B170																	3
		9B172																	3
		9B173-AB	3a	1	5/15	4-46	2.93	9.38	7.32	0.024	0.64	0.90	24.16	0.9932	90.06	65	66.50	2.75	1
		9B175			2/5	5-16	13.06	18.49	5.08	0.034	0.40	0.63	7.37	0.9965	90.50	55	49.56	6.72	2
		9B180-AB			5/16	3-78	1.38	1.21	27.65	0.016	0.62	0.91	36.22	0.9966	90.20	60	123.75	3.42	2
	B2522	B2522-2	-	2	5/13	3-43	8.65	2.14	6.32	0.026	0.53	0.89	17.77	0.9923	90.92	50	60.87	3.43	1
		B2524-2			2/9	2-30	5.61	6.64	23.85	0.024	0.44	0.80	14.87	0.9961	90.80	45	136.81	9.20	2
		B2525-2			3/8	5-28	10.37	4.02	8.66	0.039	0.84	0.67	14.34	0.9908	90.91	30	54.09	3.77	2
		B2528-2			2/7	5-30	9.35	9.68	7.17	0.039	1.00	0.73	18.70	0.9925	90.44	45	73.56	3.93	1
		B2533-2																	3
	4A276	4A277-2			4.5/17	3-80	4.23	4.09	17.18	0.022	0.53	0.89	21.21	0.9923	90.38	45	25.10	1.18	2
		4A278-3			3/7	5-25	4.62	5.30	17.07	0.022	0.86	0.77	30.23	0.9976	90.36	40	134.70	4.46	2
		4A280-2			4/11	3-43	8.08	8.68	10.25	0.006	0.62	0.83	93.78	0.9997	90.08	45	30.88	0.33	2
		4A282-3			2/6	5-15	16.39	17.98	8.77	0.022	0.59	0.68	18.49	0.9981	90.68	60	35.77	1.93	2
		4A287-2	1	1	5/12	3-40	5.18	12.40	4.34	0.011	0.86	0.83	67.20	0.9989	91.00	45	46.96	0.70	2
	6B133	6B133-3																	3
		6B137-3			4/12	6-80/6	13.60	18.20	8.22	0.017	0.48	0.77	21.57	0.9972	90.15	35	45.46	2.11	2
		6B138-2B	3b	2	2/5	3-19	1.56	0.67	11.68	0.043	0.61	0.68	9.71	0.9946	90.43	50	39.38	4.06	2
		6B140-2																	3
		6B141-2B																	3
	1B224	1B224-2			2/5	5-17	10.32	3.25	4.41	0.041	0.42	0.65	6.78	0.995	90.22	55	56.41	8.32	2
		1B228-3																	3
		1B228-3B																	3
		1B232-2B	1	1	3.5/8	3-28	9.49	14.47	6.92	0.013	0.53	0.82	33.89	0.9990	90.21	60	99.26	2.93	2
		1B233																	3
	B0623	B0623-2			4/11	20-80/10	3.02	4.22	1.88	0.025	0.53	0.78	16.65	0.9943	90.65	30	45.39	2.73	1
		B0625-2																	3
		B0629-2	3b	2	6/18	3-80/10	3.47	10.24	3.84	0.021	0.70	0.90	30.21	0.9931	90.08	25	23.07	0.76	1
		B0631-2																	3
																	continued on next page...
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	Flow	Sample	N C /N P ts	Trange	Max|DRAT| CDRAT	β	f	g	q	r	F lab	F	±1σ	Class
	RE-ANALYSED THERMAL PALAEOINTENSITY RESULTS FROM PRESSLING ET AL., 2006				
	9B061	9B067-AA	7/9	20-210	8.51	14.27	0.029	0.47	0.85	8.77	0.9916	40	68.92	3.17	2
	6B133	6B136-2A	5/9	80-330	10.97	24.05	0.038	0.54	0.86	10.92	0.9937	40	42.25	1.80	2
	9B325 †	3B390-2B													3
		3B395-2A													3
	6B397	6B400-2A	4/6	20-270	7.61	-10.77	0.040	0.61	0.81	14.30	0.9970	40	50.33	1.73	2
	3A060	3A060-3A	5/10	190-510	8.36	19.80	0.021	0.88	0.85	25.03	0.9944	40	56.10	1.68	2
	A0546	A0551-2B													3
		A0554-2A													3
		A0556-2B													3
	PREVIOUSLY UNPUBLISHED THERMAL PALAEOINTENSITY RESULTS FROM HIGP				
	B2522	B2523-2A	2/5	20-300	2.14	0.60	0.030	0.51	0.76	11.94	0.9974	48	47.93	1.54	1
		B2526-2B	3/6	20-350	5.54	-0.86	0.050	0.70	0.79	11.05	0.9911	48	47.97	2.42	1
		B2529-2B													3
		B2532-3A													3
		B2534-2A													3
	4A276	4A276-2A	2/5	20-300	2.41	3.67	0.060	0.65	0.71	9.27	0.9938	48	40.25	2.00	1
		4A281-3A	3/6	20-350	7.85	-9.66	0.056	0.64	0.76	12.00	0.9942	48	34.28	1.39	1
		4A283-2A													3
		4A284-2A	2/5	20-300	2.24	0.69	0.073	0.77	0.73	9.09	0.9906	48	39.47	2.42	1
		4A286-2A	3/5	120-350	10.86	-8.16	0.070	0.68	0.77	12.76	0.9949	48	36.88	1.53	2
	B0623	B0624-2A													3
		B0627-2A													3
		B0628-2A	6/8	200-560	5.88	-15.28	0.060	0.66	0.59	9.60	0.9901	48	30.38	1.23	2
												continued on next page...
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