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Paleointensity Study on the Holocene Surface Lavas on the Island of Hawaii Using the Tsunakawa–Shaw Method









	
	ORIGINAL RESEARCH
published: 01 May 2018
doi: 10.3389/feart.2018.00048





[image: image2]

Paleointensity Study on the Holocene Surface Lavas on the Island of Hawaii Using the Tsunakawa–Shaw Method


Yuhji Yamamoto* and Ryo Yamaoka


Center for Advanced Marine Core Research, Kochi University, Kochi, Japan

Edited by:
Ron Shaar, Hebrew University of Jerusalem, Israel

Reviewed by:
Anita Di Chiara, Lancaster University, United Kingdom
 Nadia Solovieva, University College London, United Kingdom

* Correspondence: Yuhji Yamamoto, y.yamamoto@kochi-u.ac.jp

Specialty section: This article was submitted to Geomagnetism and Paleomagnetism, a section of the journal Frontiers in Earth Science

Received: 31 January 2018
 Accepted: 16 April 2018
 Published: 01 May 2018

Citation: Yamamoto Y and Yamaoka R (2018) Paleointensity Study on the Holocene Surface Lavas on the Island of Hawaii Using the Tsunakawa–Shaw Method. Front. Earth Sci. 6:48. doi: 10.3389/feart.2018.00048



Investigating volcanic paleointensity during the Holocene is important for linking archeointensity and sedimentary paleointensity. Across the globe, the island of Hawaii is one of the most studied subaerial locations. Many published data from Hawaii are accessible in the paleointensity databases, but it is necessary to reassess these data because they were determined with experimental protocols not incorporating a modern test for multi-domain particles and with relatively loose selection criteria. To obtain a new paleointensity dataset based on coercivity spectra rather than blocking temperature spectra, we applied the Tsunakawa–Shaw method to Holocene surface lavas collected from 34 sites on the island of Hawaii. In total, 135 successful results were obtained after applying the specimen-level selection criteria, yielding 22 site-mean Tsunakawa–Shaw paleointensities (TS dataset) that fulfilled the site-level selection criteria. We compared the TS dataset with the IZZI dataset, which includes recently reported blocking-temperature-based paleointensities determined by the IZZI Thellier method with the stringent criteria CCRIT. The cumulative distribution function (CDF) curve of the TS dataset, except for three sites, almost overlaps that of the IZZI dataset, and the medians coincide with each other, 42.9 μT (N = 19) for the TS dataset and 43.5 μT (N = 28) for the IZZI dataset. The coincidence of the CDF curves suggests equivalent reliability of the Tsunakawa–Shaw method and the IZZI Thellier method. The Holocene paleointensity variation in Hawaii is thought to be reliably characterized by both the TS dataset and the IZZI dataset: overall, the paleointensity throughout the Holocene is suggested to be higher than the present-day field. It is also inferred that there are possible decadal- and centennial-timescale large-intensity variations between ~1,800 and ~2,000 cal BP, and between ~3,000 and ~3,500 cal BP. The latter variation might be inferred as a global-scale dipolar phenomenon, as consistent paleointensity results are reported from archaeological sources in the Levant by the IZZI Thellier method.
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INTRODUCTION

Investigating volcanic paleointensity during the Holocene, namely the last 10 kyr, is important for linking archeointensity (paleointensity from archeological materials) and sedimentary paleointensity because we can utilize multiple materials to establish a reliable master curve of the paleointensity variation for that period. As pointed out by Cromwell et al. (2017), the island of Hawaii is one of the most studied subaerial locations in the world for Holocene volcanic paleointensity. Many published data from the island are accessible in paleointensity databases, such as GEOMAGIA (Korhonen et al., 2008; Brown et al., 2015) and MagIC (Tauxe et al., 2016). For example, if we apply a site-level selection criteria with (1) a minimum of three successful results for a site (N ≥ 3) and (2) successful results providing a site mean with a standard deviation <15% of the mean (σ ≤ 15%), 55 site-mean volcanic paleointensities obtained by the Thellier-type method with pTRM checks can be selected from the GEOMAGIA50.v3 database (Brown et al., 2015): 48 site-means from surface lavas (GEOM-SL dataset) and another 7 site-means from Hawaiian Scientific Drilling Project (HSDP) cores (GEOM-HSDP dataset). The GEOM-SL dataset consists of 3 data (Coe et al., 1978), 5 data (Tanaka and Kono, 1991), 11 data (Mankinen and Champion, 1993), 1 data (Cottrell and Tarduno, 1999), 3 data (Chauvin et al., 2005), 18 data (Pressling et al., 2006), and 7 data (Pressling et al., 2007). The GEOM- HSDP dataset is comprised of 3 data (Teanby et al., 2002) and 4 data (Laj et al., 2002).

It is appropriate to reassess these data because they were determined with experimental protocols not incorporating a modern test for multi-domain (MD) particles and with relatively loose selection criteria. Since the study by Levi (1977), MD particles have been known to yield inaccurate paleointensity estimates, and their relative content in a specimen can be characterized by bulk hysteresis data. Paterson et al. (2017) found an evident stability trend in hysteresis data for both geological and archeological materials, named bulk domain stability (BDS). They concluded that specimens having lower BDS values, namely higher contents of MD particles, result in more curved Arai diagrams yielding more inaccurate results. Regarding selection criteria, one of a set of the latest stringent criteria is that adopted by Cromwell et al. (2015), later named “CCRIT” (Tauxe et al., 2016). Cromwell et al. (2015) demonstrated its robustness by reanalyzing the original measurement-level data obtained from the Kilauea 1960 lava by Yamamoto et al. (2003) with the CCRIT and observed an improvement of the site mean from 49.0 ± 9.6 μT (N = 17) to 39.1 ± 5.0 μT (N = 8), which is reasonably consistent with the expected field intensity of 36.2 μT.

Cromwell et al. (2017) recently obtained 22 new site-mean paleointensities by the IZZI Thellier method with the CCRIT from newly collected glassy volcanic materials from Holocene surface lavas on the island of Hawaii. They compared these data to the previously published data based on cumulative distribution function (CDF) diagrams together with six site-mean paleointensities of the same quality that were obtained from historical surface lavas on the island of Hawaii by Cromwell et al. (2015). They found that the CDF curve of their dataset (IZZI dataset; median of 43.5 μT, N = 28) was shifted to lower paleointensity values than those of the published Thellier-type data (median of 54.5 μT, N = 74). Unfortunately, they could not conclude a concrete cause for the shift because of inaccessibility of the original measurement-level data, but Holocene paleointensity in Hawaii is thought to be more reliably characterized by the IZZI dataset because it was based on the modern technique and the stringent criteria. In order to assess reliably of the IZZI dataset, it is necessary to obtain an independent paleointensity dataset with modern techniques and/or selection criteria. In this study, we applied the Tsunakawa–Shaw method (Tsunakawa and Shaw, 1994; Yamamoto et al., 2003) to surface lavas collected from the island of Hawaii, most of which are Holocene ones, to obtain a new paleointensity dataset based on coercivity spectra rather than on blocking temperature spectra.

MATERIALS AND METHODS

Samples

The surface lavas used in this study were collected as standard one-inch paleomagnetic cores from 34 sites (HA31, 33–63, 65, and 66) on the island of Hawaii (Figure 1 and Table 1). Six of these sites are historical lava flows (HA31, 1840 CE; HA58, 1881 CE; HA59, 1855 CE; HA60, 1935 CE; HA61, 1960 CE; HA62, 1955 CE), whereas the other 28 sites are older lava flows with 14C ages reported in Rubin et al. (1987) (the radiocarbon laboratory ID number by the United States Geological Survey (USGS) is indicated for each site in Table 1). Conventional radiocarbon ages of these sites are between 230 and 9,540 year BP, except for two sites (HA55, 14,015 year BP; HA63, 23,840 year BP). Tanaka and Kono (1991) and Tanaka et al. (1995) previously reported Coe–Thellier paleointensities from the seven sites of HA31, 33, 35, 36, 48, 56, and 60, the site means of which range between 35.0 and 61.8 μT.
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FIGURE 1. Map showing the sampling sites of the Holocene surface lavas on the island of Hawaii. The sites are indicated by red circles (adopted for the TS dataset, section Tsunakawa–Shaw Paleointensity) and pink triangles (not adopted for the TS dataset) for this study (detailed locations are listed in Table 1) together with their site numbers. The sites for Cromwell et al. (2015, 2017) are also shown by yellow squares (adopted for the IZZI dataset).




Table 1. Statistical results for Tsunakawa–Shaw paleointensities.
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Methods

Rock Magnetic Experiments

A chip sample of ~5 mg was used for acquisition of a thermomagnetic curve for each site. Using a magnetic balance (NMB-89, Natsuhara Giken, Osaka, Japan), the sample was heated from room temperature to 700°C and then cooled to 50°C, with constant application of a field of 500 mT in vacuum (1–10 Pa). Similar chip samples were subjected to hysteresis measurements for each site to determine the hysteresis parameters of saturation magnetization (Ms), saturation remanent magnetization (Mrs), coercive force (Bc), and coercivity of remanence (Brc). The measurements were conducted by vibrating sample magnetometer (MicroMag 3,900 VSM, Lake Shore Cryotronics Inc., USA).

Tsunakawa–Shaw Paleointensity Experiment

We applied the Tsunakawa–Shaw method (Tsunakawa and Shaw, 1994; Yamamoto et al., 2003) to 169 specimens cut from one-inch cores of all sites to determine absolute paleointensities based on coercivity spectra (this method mainly utilizes alternating field (AF) demagnetizations). For most of the specimens, we used an automated spinner magnetometer with an AF demagnetizer (DSPIN, Natsuhara Giken) to measure remanent magnetizations and to conduct stepwise AF demagnetizations and impart ARMs with the peak AF of 180 mT. A spinner magnetometer (ASPIN-A, Natsuhara Giken) and an AF demagnetizer (DEM-8601C, Natsuhara Giken) with the peak AF of 120 mT were used for some specimens. ARMs were imparted by a DC bias field of 50 μT with the peak AFs, setting the bias field direction approximately parallel to the NRM and laboratory TRM directions. To impart laboratory TRMs, the specimens were heated to 610°C in a vacuum of 1–10 Pa, maintained at that temperature for 15 (TRM1) and 30 (TRM2) minutes, and then cooled to room temperature for ~3 h using a thermal demagnetizer with a built-in DC field coil (TDS-1, Natsuhara Giken). Throughout this process, a DC field of 20–60 μT was applied. Prior to stepwise AF demagnetization of each remanence, low-temperature demagnetization (LTD; Ozima et al., 1964) was conducted on a specimen by soaking it in liquid nitrogen for 10 min and then leaving it at room temperature for 30 min in a zero field. The detailed procedures are described in Yamamoto and Tsunakawa (2005).

Based on the results obtained, NRM–TRM1* and TRM1–TRM2* diagrams were constructed for each specimen, where TRM1* and TRM2* denote the TRM imparted in the first (TRM1) and second (TRM2) heating, as corrected using the technique of Rolph and Shaw (1985). Paleointensity was estimated from the linear segment of the NRM–TRM1* diagram when the ARM correction was judged to be valid based on the linear segment of the TRM1–TRM2* diagram. We adopted the following selection criteria, which are similar to those used with the Tsunakawa–Shaw method in recent paleointensity studies (e.g., Yamamoto et al., 2010, 2015; Yamazaki and Yamamoto, 2014):

(1) A primary component is resolved from NRM by stepwise AF demagnetization.

(2) A single linear segment is recognized in the NRM–TRM1* diagram within the coercivity range of the primary NRM component. The segment spans at least 30% of the total extrapolated NRM (fN ≥ 0.30; definition of the extrapolation is the same as that in Coe et al., 1978). The correlation coefficient of the segment is not smaller than 0.995 (rN ≥ 0.995).

(3) A single linear segment (fT ≥ 0.30 and rT ≥ 0.995) is also recognized in the TRM1–TRM2* diagram. The slope of the segment is unity within experimental errors (1.05 ≥ slopeT ≥ 0.95) as proof of the validity of the ARM correction.

RESULTS

Rock Magnetic Experiment

The thermomagnetic curves were of the three types of A, B, and C. Type A was recognized for the curves from three sites (HA34, 44, and 56), which are characterized by a single Curie temperature (Tc) phase at 490–560°C (Figure 2A). The type B curves show two Tc phases at 100–250°C and 500–550°C (Figure 2B), and these were seen in the curves from 21 sites (HA31, 35, 37, 38–42, 45, 46, 48, 51–55, 57–59, 63, and 66). Type C is categorized as an intermediate type between type A and type B (Figure 2C), and it was obtained from 10 sites (HA33, 36, 43, 47, 49, 50, 60–62, and 65). The main magnetic carriers for the three types are considered to be titanomagnetites of different Ti contents reflecting different degrees of deuteric oxidation.
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FIGURE 2. Thermomagnetic curves of the chip samples from all sites. (A) Type A for three sites; (B) Type B for 21 sites; (C) Type C for 10 sites. Red (blue dashed) lines indicate heating (cooling) cycle.



Ratios of the hysteresis parameters, Brc/Bc and Mrs/Ms, (Table S1) generally lie on the bulk domain stability (BDS) trend (Paterson et al., 2017), as shown by Figure 3. Paterson et al. (2017) introduced the BDS value, which can be calculated easily from the ratios, and showed based on their compilations of historical and laboratory-controlled paleointensity and hysteresis parameter dataset that specimens with BDS values lower than 0.10 are less likely to yield a meaningful paleointensity. BDS values of the present specimens range between 0.121 and 0.830 (average = 0.578, standard deviation = 0.146; Table S1), so they fulfill the minimum reliability criterion.
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FIGURE 3. Relation between the hysteresis ratios of Brc/Bc and Mrs/Ms for the chip samples. The dotted line indicates the BDS trend by Paterson et al. (2017).



Tsunakawa–Shaw Paleointensity

After applying the selection criteria, 135 successful results were obtained from a total of 169 specimens of the 34 sites (success rate of 80%). The resultant paleointensities range between 13.6 and 81.6 μT (Table S1), and 91% of these were yielded from more than 50% of the total extrapolated NRM fractions (fN ≥ 0.50). The other 27 results were rejected mainly due to non-unity slopes of the linear segments in the TRM1–TRM2* diagrams. Representative successful and rejected results are illustrated in Figure 4. Among the results, those from 22 sites fulfilled the site-level selection criteria (site-level success rate of 65%): (1) the successful results were yielded from more than three individual specimens for each site (N ≥ 3) and (2) they resulted in a site-mean paleointensity with a standard deviation <15% of the site mean (σ ≤ 15%). These 22 site-mean Tsunakawa–Shaw paleointensities (TS dataset) were derived with a relatively small amount of ARM corrections (≤ 25% suggested from slopeA1 values in Table 1). They are not significantly smaller than the present-day field around Hawaii of 34.6 μT (IGRF2015; Thébault et al., 2015), except for the three sites of HA35 (1,400 year BP), HA55 (14,015 year BP), and HA66 (9,540 year BP) (Figure 5 and Table 1).
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FIGURE 4. Representative results of the Tsunakawa–Shaw paleointensity experiments. (A) A successful result from site HA48; (B) A rejected result from site HA56. The diagrams shown on the left-hand (right-hand) side are results from the first (second) laboratory heating, where closed symbols indicate coercivity intervals for the linear segments. AF demagnetization results on NRM are also shown as insets of orthogonal vector-end-point diagrams, where closed (open) symbols indicate projections onto horizontal (vertical) planes.
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FIGURE 5. Resultant Tsunakawa–Shaw paleointensities according to site. Individual specimen-level paleointensities are indicated by red circles for all sites. Site-mean paleointensities are also shown by black squares with their one standard deviation (1σ) if they were yielded from more than three individual specimens (N ≥ 3) and the associated standard deviation was < 15% of the site mean (σ ≤ 15%).



DISCUSSION

Direct Comparison of the Site-Mean Paleointensities Between the TS Dataset and the Previously Published Coe–Thellier Data

Some site means of the TS dataset can be compared directly with the site-mean Coe–Thellier paleointensities of the same quality (N ≥ 3 and σ ≤ 15%) published in previous studies, namely the data from the GEOM-SL dataset (section Introduction). Tanaka and Kono (1991) reported Coe–Thellier paleointensities from sites HA31, 33, 48, and 56 using sister specimens of the present study. Mankinen and Champion (1993) published one site mean from the lava with the USGS radiocarbon laboratory ID number of W3881, which is considered to be the same lava as that at site HA56. Pressling et al. (2006) also reported two site means from the lavas with the USGS radiocarbon laboratory ID numbers of W4047 and W4006, which are thought to be the same lavas as at sites HA39 and 52. Figure 6 illustrates the comparison between the Tsunakawa–Shaw and the Coe–Thellier paleointensities for these site means. At the one standard deviation level, the differences between the two site-mean paleointensities are within ± 10% for sites HA31, 33, 39, and 48. On the other hand, the site-mean Coe–Thellier paleointensities are 32–48% higher than the site-mean Tsunakawa–Shaw paleointensities for sites HA52 and 56.
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FIGURE 6. Comparison of the site-mean paleointensities determined by the Coe–Thellier method (Tanaka and Kono, 1991; Mankinen and Champion, 1993; Pressling et al., 2006) and the Tsunakawa–Shaw method (this study). Error bars indicate one standard deviation. Dashed lines indicate gradients of 10% high (red), equivalent (black), and 10% low (blue).



 Yamamoto et al. (2003) observed a similarly higher value from the Kilauea 1960 lava (expected intensity of 36.2 μT): their Coe–Thellier experiment resulted in a site-mean paleointensity of 49.0 ± 9.6 μT (N = 17), which is 24% higher than that of 39.4 ± 7.9 μT (N = 8) obtained by their Tsunakawa–Shaw experiment. They suggested that a possible cause of the higher result in the Coe–Thellier experiment is contamination of thermochemical remanent magnetization (TCRM) into NRM, and Yamamoto (2006) later investigated the possibility and reported supporting results. Another possible cause is MD-like remanence because the Coe–Thellier site-mean paleointensity was improved to 39.1 ± 5.0 μT (N = 8), which almost coincides with the Tsunakawa–Shaw site-mean paleointensity, by reanalysis applying the CCRIT (Cromwell et al., 2015). These results indicate that the Coe–Thellier method with ordinary selection criteria can sometimes result in high paleointensities compared with those of the Tsunakawa–Shaw method and the Coe–Thellier method with CCRIT. Interestingly, it is reported in Cromwell et al. (2017) that the published Thellier-type data resulted in a higher median of 54.5 μT (N = 74) than the 43.5 μT (N = 28) median value from the IZZI Thellier data with CCRIT for Holocene Hawaiian lavas.

Holocene Paleointensity Variation in Hawaii

As reviewed in section Introduction, Cromwell et al. (2017) found that the CDF curve of the IZZI dataset (median of 43.5 μT, N = 28) was shifted to lower paleointensity values than those of the published Thellier-type data (median of 54.5 μT, N = 74) for the Holocene. Because the IZZI dataset was obtained by the modern technique and the stringent criteria, paleointensity in Hawaii during Holocene is thought to be more reliably characterized by the IZZI dataset. It is suggested that the paleointensity in Hawaii during Holocene is higher than the present-day field around Hawaii of 34.6 μT (IGRF2015; Thébault et al., 2015) but is not high enough to result in the median of 54.5 μT. This thought is based on the comparison made on the blocking-temperature-based paleointensity data in Cromwell et al. (2017). We have obtained a new independent coercivity-based paleointensity dataset, the TS dataset, for comparison to assess further the thought.

The IZZI dataset covers the time period between present and 6,500 cal BP. After excluding the three site means from HA40 (8,550 year BP), HA55 (14,015 year BP), and HA66 (9,540 year BP) to have the same time coverage, we compared the TS dataset (present to 4,340 year BP) with the IZZI dataset on a CDF diagram (Figure 7). The CDF curve of the TS dataset almost overlaps the curve of the IZZI dataset and the medians coincide: 42.9 μT (N = 19) for the TS dataset and 43.5 μT (N = 28) for the IZZI dataset. The Tsunakawa–Shaw method estimates paleointensity based on coercivity spectra, whereas the IZZI Thellier method uses blocking-temperature spectra to yield paleointensity. The two datasets are not necessarily from the same lava flows (Figure 1). However, considering these independences, the coincidence of the CDF curves suggests equivalent reliability of the Tsunakawa–Shaw method and the IZZI Thellier method, which was already demonstrated for smaller datasets by Yamamoto et al. (2010) and Ahn et al. (2016). Cromwell et al. (2017) argued that total TRM-based paleointensity methods, including the Shaw method, are likely to underestimate the expected geomagnetic field strength in general because they do not test for SD-like behavior. The Tsunakawa–Shaw method, on the other hand, places much emphasis on the selective removal of MD-like components by low-temperature and AF demagnetizations and also on correction to compensate possible magnetostatic interactions among the magnetic assemblages (e.g., Yamamoto and Tsunakawa, 2005; Yamamoto and Hoshi, 2008) and anisotropy of remanences (e.g., Yamamoto et al., 2015) using ARM. These improvements have not been incorporated into most of the Thellier-type experiments.
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FIGURE 7. Cumulative distribution function (CDF) curves for the TS dataset (this study, red) and the IZZI dataset (Cromwell et al., 2015, 2017, blue). Medians are 42.9 μT for the TS dataset (N = 19) and 43.5 μT for the IZZI dataset (N = 28).



The Holocene paleointensity variation in Hawaii is thought to be reliably characterized by both the TS dataset and the IZZI dataset: they show generally lower paleointensities than the GEOM-SL dataset and do not show a good match with the global model of CALS10k.2 (Constable et al., 2016; Figure 8). The lower paleointensities are obvious if each data is binned with a 1,000 year interval (Figure 9). In the figure, the ages are indicated as calendar ages. For the TS dataset, the ages were recalculated using the CALIB 7.1 program (Stuiver et al., 2017) with the IntCal13 radiocarbon calibration curve (Reimer et al., 2013); for the IZZI dataset, the ages, directly referred from Cromwell et al. (2015, 2017), are based on the IntCal04 radiocarbon calibration curve (Reimer et al., 2004); for the GEOM-SL dataset, the ages were directly referred from the GEOMAGIA50.v3 database (Brown et al., 2015).
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FIGURE 8. Holocene paleointensity variation in Hawaii based on the TS dataset (red circles, this study), the IZZI dataset (blue squares, Cromwell et al., 2015, 2017), the GEOM-SL dataset (green diamonds, selected from GEOMAGIA50.v3 by Brown et al., 2015), and the CALS10k.2 model (Constable et al., 2016). Error bars indicate one standard deviation.
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FIGURE 9. Holocene paleointensity variation in Hawaii in terms of the 1,000-year bins by the TS dataset (red circles), the IZZI dataset (blue squares), and the GEOM-SL dataset (green diamonds). Data points are shown if each point is associated with not < 3 site-mean paleointensities. Vertical error bars indicate one standard deviations. The CALS10k.2 model (Constable et al., 2016) is also indicated for reference.



Although both the TS dataset and the IZZI dataset resulted in lower paleointensities than the GEOM-SL dataset, it is suggested that the paleointensity throughout the Holocene is overall higher than the present-day field (Figure 8). One of the prominent features suggested by Cromwell et al. (2017) is the possible decadal- and centennial-timescale large-intensity variation between ~1,800 cal BP (~ 67 μT) and ~2,000 cal BP (~35 μT). We recognize the paleointensities of ~68 μT (HA33) and ~50 μT (HA38) at around ~1,900 cal BP in the TS dataset, which are supportive of this feature. Similar possible variation might also be inferred between ~3,000 and ~3,500 cal BP by the IZZI dataset and the newly obtained Tsunakawa-Shaw paleointensity data of ~58 μT (HA50) at around ~3,100 cal BP. The corresponding virtual axial dipole moment (VADM) is calculated to be 130 ZAm2, which is consistent with the VADMs between ~2,900 and ~3,000 cal BP reported from archaeological sources in the Levant by the IZZI Thellier method (Figure 5 in Shaar et al., 2016). Levant is almost opposite to Hawaii on the globe and this variation might be inferred as a global-scale dipolar phenomenon. Though the two variations do not appear to match with the global model of CALS10k.2 (Constable et al., 2016; Figure 8), the model is compiled with a dominance of sediment data (Constable et al., 2016) and is not thought to reflect possible rapid variations in paleointensity.

CONCLUSIONS

We applied the Tsunakawa–Shaw method to surface lavas collected from 34 sites, most of which are Holocene ones, on the island of Hawaii. The results of the rock magnetic experiments indicated that the main magnetic carriers are titanomagnetites of various Ti contents due to varying degrees of deuteric oxidation and that the specimens fulfilled the minimum reliability criterion for the BDS value. After applying the specimen-level selection criteria, 135 successful results were obtained from a total of 169 specimens, yielding 22 site-mean Tsunakawa–Shaw paleointensities (TS dataset) that fulfilled the site-level selection criteria (N ≥ 3 and σ ≤ 15%). They are not significantly smaller than the present-day field around Hawaii of 34.6 μT, except for three sites. Six site means of the TS dataset can be compared directly with site-mean Coe–Thellier paleointensities of the same quality published in previous studies. At the one standard deviation level, the differences between the two site-mean paleointensities are within ± 10% for four sites. For the other two sites, the site-mean Coe–Thellier paleointensities are 32–48% higher than those of the TS dataset. Previous studies indicate that the Coe–Thellier method with ordinary selection criteria can sometimes result in higher paleointensities than the Tsunakawa–Shaw method and the Coe–Thellier method with CCRIT.

For the same time period, the CDF curve of the TS dataset almost overlaps that of the IZZI dataset and the medians coincide [42.9 μT (N = 19) for the TS dataset; 43.5 μT (N = 28) for the IZZI dataset]. The coincidence of the CDF curves suggests equivalent reliability of the Tsunakawa–Shaw method and the IZZI Thellier method. The Holocene paleointensity variation in Hawaii is thought to be reliably characterized by both the TS dataset and the IZZI dataset: they show generally lower paleointensities than the GEOM-SL dataset and do not show a good match with the global model of CALS10k.2 (Constable et al., 2016). Overall, the paleointensity throughout the Holocene is suggested to be higher than the present-day field. We recognize the paleointensities of ~68 and ~50 μT at ~1,900 cal BP in the TS dataset, which are supportive of the possible decadal- and centennial-timescale large-intensity variation between ~1,800 cal BP (~67 μT) and ~2,000 cal BP (~35 μT) observed by Cromwell et al. (2017). Similar possible variation might also be inferred between ~3,000 and ~3,500 cal BP by the IZZI dataset and the newly obtained Tsunakawa-Shaw paleointensity data of ~58 μT (HA50) at around ~3,100 cal BP. The corresponding VADM of 130 ZAm2 is consistent with the VADMs between ~2,900 and ~3,000 cal BP reported from archaeological sources in the Levant by the IZZI Thellier method (Shaar et al., 2016), and this variation might be inferred as a global-scale dipolar phenomenon. Though the two variations do not appear to match with the global model of CALS10k.2 (Constable et al., 2016; Figure 8), it is not thought to reflect possible rapid variations in paleointensity.
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Site Lat () Long (°) t4cip Age (*4c yr BP) Intensity (1T) VADM (1022Am?) Nint slopeay

HAB1 19516 —154.810  (AD1960) -10 396428 8.89 4 0.934 % 0039
HAG2 19.491 -154.868  (AD1955) 5 877 1 1.06
HASO 19684  —165307  (AD1935) 15 87003 2 1,00+ 008
HAS8 19690  -165134  (AD1881) 69 406£18 9.09 4 147 £0.11
HAS9 19693  —165210  (AD1855) 95 82126 7.19 5 0929 % 0.129
HA31 19555  -154.880  (AD1840) 110 431 +£438 9.67 6 125+ 0.15
HA42 19442 155316 W38Tt 230 60 504 £56 13 4 0.897 % 0.108.
HAd4 19359 155378 W37t 230 + 60 420+ 166 3 0.871 % 0.166
HAS6 19603  -155026  W38s1 260 70 39745 890 4 0.963 % 0,039
HAS2 19.410 155344  W4006 290 + 70 506+ 2.9 1.4 4 0.981 % 0.106
HA4S  19.466  —165.166  W4162 31070 428£54 9.62 3 0972 + 0,016
HAS7 19219 155458  WGB11 330 + 60 472£71 5 1204014
HA49 19325  -165.406  W3842 450 60 87470 5 128032
HAS7 19586 155012  W3941 450 % 60 411 £100 4 0954 0,114
HA41 19476 -165364 w4118 580 + 80 595 196 4 0.852 & 0.127
HA36 19230  -165.456  W3860 670 60 593114 5 0.935 % 0,061
HA43  19.448  -165237  W3999 730 £ 80 409 £45 9.19 4 0.799 % 0.068
HA46  19.450  -165302  W4345 760 & 70 405 £53 9.10 3 105017
HA48  19.451 -155284  W3879 830 60 476 £56 107 4 114 £0.12
HA39  19.484 155384  WA4047 910+ 70 582470 1341 5 0.933 % 0,097
HAS3 19703  -165.004  WA343,W4631 1195 % 46 349259 4 0.938 % 0136
HA35 19220  —155.463  W3858 1400 60 209404 673 4 0.906 0,043
HAS5 19636  -155.049  WA981 1470 £ 50 429£39 9.62 4 0.875 % 0.109
HA33  19.184  -165483  W3850 1810 = 80 67842 153 7 0914 % 0,063
HA38  19.487  —155387  W4116 1840 60 496 £7.1 1.1 3 0981 % 0074
HA47  19.451 -155292  W3876 2190 70 68.1 £ 113 4 0.884 % 0,082
HASO 19326  —155.408 W84l 2950 + 80 580+ 6.9 13.0 5 0.843 0077
HAS4 19704 165117 Wa624 3380 + 80 650 £ 14.9 2 0.839 % 0.128
HA34 19092 155467  W3884 3610 + 60 842451 7.70 5 0.891 % 0,031
HAS1 19.361 -155382  Wasd4 4340 £ 80 §9.1 420 133 3 1184029
HA4O  19.479  —155374  Wa3853 8550 + 100 482438 108 4 0.955 + 0,082
HABS  19.651 -155.136  W4520 9540 £ 110 168+ 24 376 5 0.852 % 0,066
HASS 19722 -165100  WA4620, W4s27 14015 135 201213 651 4 0.818 % 0,041
HAS3 19695 155122  W4890 23840 + 600 162£3.7 2 0.838 + 0.331

Stte, site number; Lat., Long., Iatitude and longitude of each sampledsite;
14G 1D, USGS Rediocarbon Laboratory ID number referred from Rubin et al. (1987);
Age, conventiona raclocarbon age with its standerd deviation by Rubin et al. (1987);
Intensity, mean paleointensity with its standard deviation;

VADM, virtuel axizl dipole moment i the site-mean fulfls the site-level selection critera;
Nex, number of specimens used to calculate the site-mean paleointensity;

slopear, mean siopes in the ARMO-ARMI diagrams for each site

Js-T, classification of the thermomagnetic curve.
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