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Absolute Paleointensity Experiments on Aged
Thermoremanent Magnetization: Assessment of Reliability of
the Tsunakawa-Shaw and Other Methods With Implications
for “Fragile” Curvature
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Y. Yamamoto! (2, L. Tauxe?

'Kochi University, Kochi, Japan, *Scripps Institution of Oceanography, La Jolla, CA, USA, *Korea Institute of Geoscience
and Mineral Resources, Daejeon, Republic of Korea

Abstract Absolute paleointensity (API) of the geomagnetic field can be estimated from volcanic rocks by
comparing the natural remanent magnetization (NRM) to a laboratory-induced thermoremanent magnetization
(Lab-TRM). Plots of NRM unblocking versus Lab-TRM blocking from API experiments often exhibit nonideal
curvature, which can result in biased estimates. Previous work showed that curvature can increase with age;
however, selection criteria designed to eliminate such behavior yielded accurate estimates for two-year-aged
specimens (70.3 + 3.8 uT; N = 96 specimens out of 120 experiments). API can also be estimated in coercivity
space. Here, we use the Tsunakawa-Shaw (TS) method applied to 20 specimens aged in the laboratory field of
70.0 pT for 4 years, after acquisition of zero-age (fresh) Lab-TRM in the same field. Selection criteria for the
TS experiment also yielded accurate results (68.5 + 4.5 pT; N = 17 specimens). In thermal API experiments,
curvature is related to internal structure with more single domain-like behavior having the least curvature. Here
we show that the fraction of anhysteretic remanent magnetization demagnetized by low-temperature treatment
was larger for samples with larger thermal curvatures suggesting a magnetocrystalline anisotropy source. We
also tested experimental remedies that have been proposed to improve the accuracy of paleointensity estimates.
In particular, we test the efficacy of the multi-specimen approach and a strategy pretreating specimens with low
field alternating field demagnetization prior to the paleointensity experiment. Neither yielded accurate results.

Plain Language Summary The strength of the geomagnetic field in the past is a fundamental
property of the Earth and volcanic rocks are magnetized as they cool, potentially retaining a record of the
ancient field. However, because natural materials were not "designed" to retain records of the field, there are
many difficulties in obtaining reliable estimates. Consequently, there are many experimental approaches and
methods of analyzing the data. Here, we explore several very different experimental approaches on replicate
specimens from a set of samples chosen to represent the range of behaviors observed in lava flows. Specimens
were given a fresh magnetization and some were allowed to "age" in a laboratory field for up to 5 years. We
find that two methods work quite well while other approaches fail to provide accurate estimates of the field.

1. Introduction

Absolute paleointensity (API) of the geomagnetic field can be estimated from a volcanic rock based on a compar-
ison between a natural remanent magnetization (NRM) with a laboratory induced thermoremanent magnetization
(TRM). The comparison can be made by comparing blocking and unblocking temperatures using a Thellier-type
experiment (Thellier & Thellier, 1959), the results of which are usually visualized as a so-called Arai plot (Nagata
et al., 1963). Arai plots often exhibit curvature, which is regarded as an indication of nonideal behavior (e.g.,
Dunlop et al., 2005; Dunlop & Ozdemir, 2001; Krasa et al., 2003; Levi, 1977; Paterson, 2011).

Shaar and Tauxe (2015) investigated curvature over time by applying the IZZI Thellier method of Yu et al. (2004)
on specimens whose NRMs resulted in curved Arai plots in the original studies. Laboratory TRMs were given
to the specimens by cooling in a field of 70 pT. The TRMs were then immediately subjected to the IZZI Thellier
experiment ("fresh" TRMs). A TRM imparted on sister specimens was set in a laboratory field identical to the
original TRM field and allowed to "age" over 2 years, after which they were subjected to the IZZI experiment.
Arai plots of the aged specimens were significantly more curved than in the "fresh" TRMs in most cases: the
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APIs estimated in the "aged" set of specimens were lower than those in the fresh TRMs and the under-estimate
appeared to be related to the degree of curvature in the aged specimens.

In a later study, Santos and Tauxe (2019) imparted laboratory TRMs (70 pT) to many of the same specimens as
Shaar and Tauxe (2015), plus an additional set of specimens as they were not curved in the original experiments.
Both the initially "curved" and the initially "straight" specimens were subjected to the IZZI experiment. The Arai
plots for all the originally curved specimens were significantly straighter than those in the original experiments
with some being classified as straight according to the curvature (} criterion of Paterson (2011) and some being
somewhat more curved. The accuracy and precision of API estimates was much better in the specimens with
"straight” Arai plots. Santos and Tauxe (2019) divided the behaviors of the different specimens into four different
categories, that is, straight (original NRM)-straight (fresh TRM) (SS), straight-curved (SC), curved-straight (CS),
and curved-curved (CC).

As part of the fresh TRM experiment of Santos and Tauxe (2019), sister specimens were allowed to “age”
following the manner of Shaar and Tauxe (2015) with some modifications: in the summer of 2015, the specimens
were given fresh TRMs in a laboratory field of 70 pT and placed in controlled fields of either 35 or 70 pT with
five orientations (positions 1-5; illustrated in Figure 9 of Tauxe et al., 2021). They conducted IZZI Thellier
experiments on the specimens from positions 1, 3, and 5 of the two laboratory fields of 35 and 70 pT after aging
for 2 years. When the experimental results were again categorized into straight (|7€| < 0.164) or curved (|7€| >
0.164) according to curvatures of the resultant Arai plots, API estimates from total TRMs with the specimens
of the laboratory field of 70 pT resulted in an average API of 70 pT for the straight results and 67 pT for the
curved results: the former average is accurate while the latter average is slightly low biased. Tauxe et al. (2021)
concluded that the curvatures generally increased through time except the specimens of the SS category. They
also argued that the curvatures related to the low-biased API estimates resulted from changes in the blocking
temperature spectra between fresh TRMs and aged TRMs for the specimens of the CS and CC categories, which
were observed to shift to higher unblocking temperatures across the entire temperature range after aging. This
they called "fragile" curvature as it seems to disappear in the freshly applied TRMs.

In order to address several major issues associated with "fragile" curvature, Tauxe et al. (2021) also conducted
extensive hysteresis measurements including first-order reversal curves (FORCs; Pike et al., 1999) with variants
(remFORC, tFORC, and iFORC; Zhao et al., 2017) and IZZI Thellier experiments on sister specimens from the
samples studied in Santos and Tauxe (2019). The SS category samples were found to be single domain like, while
the others were coarser grained, with the CC category being the coarsest.

There are other ways to estimate API than the IZZI-Thellier approach used by Shaar and Tauxe (2015), Santos
and Tauxe (2019), and Tauxe et al. (2021). Some methods attempt to suppress the contribution of coarse grains
(multidomain; MD), which have been shown to underestimate the true field intensity (Krasa et al., 2003).
Others attempt to avoid the effect of chemical alteration that can arise from repeated heating. One approach
is to use alternating field demagnetization (AF) as opposed to repeated thermal cycling. The so-called "Shaw"
method of Shaw (1974) estimates an API in a coercivity space. This original method was extended by Rolph
and Shaw (1985), Tsunakawa and Shaw (1994), Yamamoto et al. (2003), and Mochizuki et al. (2004); the latest
version of the Shaw method, formerly called the LTD-DHT Shaw method, is now called the Tsunakawa-Shaw
(TS) method (Yamamoto et al., 2015). It is of importance to investigate behavior of "aged" TRMs in a coercivity
space in response to the method. In the present study, we applied the TS method to the specimens aged for 4 years
in position four of Tauxe et al. (2021).

Another approach proposed to address the problematic behavior of progressive chemical alteration was the
so-called multi-specimen protocol (MSP) originally proposed by Hoffman et al. (1989) whereby each specimen
was only heated once and only to a moderate temperature (say 400°C). This method was modified by Dekkers
and Bohnel (2006) in attempt to also minimize the effect of multidomain grains. The latest modification to the
interpretations of the experimental data was proposed by Fabian and Leonhardt (2010). We applied the MSP
approach to specimens aged 5 years in position four of the Tauxe et al. (2021) study.

Finally, Dunlop and Ozdemir (2001) suggested that subjecting specimens to AF demagnetization during a Thell-
ier-Thellier type experiment could minimize the contribution of MD grains. Here, we incorporate AF demagnet-
ization to 10 mT into a standard IZZI experiment in a protocol we call AF-IZZI. These experiments were carried
out on the specimens aged 5 years in position two of Tauxe et al. (2021) study.
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2. Methods

For this study, we used the "aged" specimens described by Tauxe et al. (2021). These are rock fragments with a
size of a few millimeters, cemented into glass tubes which fit into the sample holders used for ordinary paleomag-
netic measurements and experiments in the Scripps Paleomagnetic Laboratory. As we could not measure weights
of the fragments precisely, we tentatively treat these as ~10 mg in the present study.

The assumptions laid out by Thellier and Thellier (1959) for paleointensity experiments are based on an expec-
tation that the magnetic particles are single domain (SD), a requirement rarely satisfied in natural samples. Here
we test three different approaches to obtaining API estimates from samples that do not satisfy this requirement:
The TS method (described in Section 2.1), the MSP method (described in Section 2.2), and the AF-IZZI method
(described in Section 2.3). Each of these attempts to correct for bias introduced by nonideal behavior of the
specimens.

2.1. TS Method
2.1.1. Background
In the original "Shaw" method (Shaw, 1974) the procedure is as follows:

1. The NRM of a specimen is progressively demagnetized by an AF.

2. An anhysteretic remanent magnetization (ARM) is imparted and subjected to a progressive AF demagnetiza-
tion (defined as ARMO).

The specimen is heated above its Curie temperature to impart a Lab TRM (defined as TRM1).

TRM1 is then subjected to a progressive AF demagnetization.

An ARM is again imparted and subjected to a progressive AF demagnetization (defined as ARM1).

APl is estimated from a comparison between NRM and TRM1 from a continuous coercivity interval in which
ARMO is equal to ARMI.

AN

The original method was extended by Rolph and Shaw (1985) to include a correction such that a "corrected"
TRMI is defined as

ARMO

TRM1x=TRM]1 X .
ARM1

Their approach was to estimate an API from a comparison between NRM and TRM1* with a continuous coer-
civity interval showing a linear relationship. This version was further extended by Tsunakawa and Shaw (1994)
to have additional procedures to check the validity of the ARM correction:

1. The specimen is again heated above its Curie temperature to impart a second Lab TRM (defined as TRM2).
2. TRM2 is subjected to a progressive AF demagnetization.

3. An ARM is again imparted and subjected to a progressive AF demagnetization (defined as ARM2).

4. The adjusted TRM2 is defined as

ARM1

TRM?2%+ =TRM2X ———,
ARM?2

and the validity is confirmed if TRM1 and TRM2* showed a 1:1 relationship over a certain continuous coercivity
interval; this is what is called the double heating test (DHT).

There have been further extensions of the method. The addition of a low-temperature demagnetization step (LTD;
Heider et al., 1992; Ozima et al., 1964) prior to each progressive AF demagnetization is intended to remove the
contribution of multi domain (MD)-like remanences (Yamamoto et al., 2003). Heating the specimen in a vacuum
(~1-10 Pa) is meant to suppress thermal alteration when imparting a Lab TRM (Mochizuki et al., 2004). The
latest version of the Shaw method includes all these modifications. This was called the LTD-DHT Shaw method
and is now called the Tsunakawa-Shaw (TS) method (Yamamoto et al., 2015). Note that there has been an attempt
to incorporate the microwave excitation technique into the LTD-DHT Shaw method in lieu of conventional heat-
ing (Yamamoto & Shaw, 2008).
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Since the 2000s, validity of the TS method has been assessed by historical lavas in Hawaii (Yamamoto et al., 2003)
and Japan (Mochizuki et al., 2004; Oishi et al., 2005; Yamamoto & Hoshi, 2008), and by simulated archeological
materials in Japan (Yamamoto et al., 2015). In the course of these assessments, it has been pointed out that the
ARM correction is effective not only for correcting thermal alterations but also for correcting remanence aniso-
tropy and compensating for possible magnetostatic interactions among magnetic domains. With this as back-
ground, the TS method has been applied to old igneous rocks in Africa (Ahn et al., 2016; Yoshimura et al., 2020),
China (Yamamoto, Tsunakawa, et al., 2007), French Polynesia (Mochizuki et al., 2011; Yamamoto, Ishizuka,
et al., 2007; Yamamoto & Tsunakawa, 2005), Hawaii (Singer et al., 2019; Yamamoto & Yamaoka, 2018), Japan
(Kato et al., 2018; Mochizuki et al., 2013; Okayama et al., 2019; Tsunakawa et al., 2009; Yamamoto et al., 2010),
Korea (Ahn & Yamamoto, 2019), Louisville seamount (Yamazaki & Yamamoto, 2014), New Zealand (Mochi-
zuki et al., 2006), and archeological materials in Japan (Kitahara et al., 2018, 2021). Although LTD treatments are
not necessarily included, the TS method has also been applied to Precambrian rocks (Lloyd, Biggin, et al., 2021;
Thallner, Biggin, & Halls, 2021, Thallner, Biggin, McCausland, & Fu, 2021), partly with consideration for differ-
ent sets of selection criteria (Lloyd, Paterson, et al., 2021). It has also been shown that the APIs determined by
the TS method are linearly related to the sedimentary paleointensities of the last 1.5-2 million years (Mochizuki
etal., 2021).

2.1.2. Experiment

Among the "aged" specimens in Tauxe et al. (2021), 20 specimens from position 4, aged in a laboratory field of
70 pT were used in the present study for the TS method. They consisted of six specimens from the SS category,
four specimens from the SC category, six specimens from the CS category, and four specimens from the CC
category.

Paleointensity experiments using the TS method were conducted according to the procedures explained in detail
in Yamamoto and Tsunakawa (2005), except that the progressive demagnetizations for ARMO00, ARM10, and
ARM20 were not included. Experimental conditions were as follows, and a experimental result is usually repre-
sented as in Figure 1.

1. Progressive AF demagnetizations were conducted at 2-20 mT steps from 0 mT (H) up to 180 mT (H
using an AF tumbling demagnetizer (Natsuhara Giken, DEM-95C), see inset to Figure 1a. Measurements of

max)’

remanences were carried out after each AF demagnetization step using a superconducting rock magnetometer
(SRM) (2G Enterprises Model 755—4.2 cm).

2. Lab TRMs were imparted by heating the specimens in a vacuum (~1-10 Pa) to a maximum temperature of
610°C, which was held for 10 (20) min during the first (second) heating, in a laboratory field of 60 pT using
a thermal demagnetizer/remagnetizer (Natsuhara Giken, TDS-1). The field was applied to the cylindrical axis
of the glass tube containing the specimen. The entire heating and cooling cycle took about 3 hr.

3. ARMs were imparted by a direct current bias field of 50 pT with a maximum AF of 180 mT (H
directions approximately parallel to the NRM and Lab TRMs of each specimen.

may)» toward

4. LTD was conducted such that the specimens were soaked in a nonmagnetic dewar filled with liquid nitrogen
for 2 min and taken out from the dewar, left at room temperature for 30 min. The complete cooling/warming
cycle was carried out in zero field.

To estimate APIs, we developed a Python code to analyze a series of remanence data obtained by the experiments.
The development was benefitted from a series of standard functions in PmagPy (Tauxe et al., 2016) and has been
added to that software package. Analytical procedures are as follows.

1. Finding a coercivity interval H,-H, giving the characteristic component of NRM in the orthogonal plot of AF
demagnetization (e.g., black dots in inset to Figure 1a).

2. Calculating parameters on all possible continuous coercivity intervals within H-H,_, for an NRM-TRM1*
plot as shown in Figure la and H,-H_,, for a TRM1-TRM2* plot, as in Figure 1d. The intervals are defined
by at least 4 data points (N > 4). The parameters include fractions of an NRM (fy) and a TRM1 (f;) adopted
for linear segments, and slopes and correlation coefficients of the segments in an NRM-TRM1* plot (slopey,
ry) and a TRM1-TRM2* plot (slope, ry).

3. Combining the calculated parameters for an NRM-TRM1* plot and a TRM1-TRM2* plot, such that the
continuous coercivity interval adopted in an NRM-TRM1* plot is included in that adopted in a TRM1-TRM2*
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Figure 1. A representative successful result by the Tsunakawa-Shaw (TS) method for a specimen of the straight-straight (SS) category, mc120c. (a—c) Results from
the first laboratory heating, where closed symbols indicate coercivity intervals for the linear segments. Alternating field (AF) demagnetization results on the natural
remanent magnetization (NRM) are also shown as an inset of an orthogonal vector-end-point diagrams, where closed (open) symbols indicate projections onto
horizontal (vertical) planes. (d—f) Results from the second laboratory heading.

plot (minimum (maximum) coercivity of the linear segment in a TRM1-TRM2* is not higher (lower) than that
in a NRM-TRM1* plot). A list of the combinations is obtained.

4. Applying selection criteria to the list to screen out the combinations not fulfilling the criteria. The criteria are
as follows, which are applied step by step in the following order: f. > 0.15; rp > 0.995; 0.95 < slope; < 1.05;
fy = 0.15; ry > 0.995. These are mostly equivalent to those first defined in Yamamoto et al. (2003). If no
combinations remained after a certain step, the application is abandoned just before that step.

5. Sorting the screened combinations by a fraction of NRM (fy) and selecting a combination with the larg-
est fraction: it gives a sole solution for an API estimate. The solution provides a series of biplots, that is,
NRM-TRM1* (Figure 1a), NRM-TRM1 (Figure 1b), ARMO-ARMI1 (Figure 1c), TRM1-TRM2* (Figure 1d),
TRM1-TRM2 (Figure 1le), and ARM1-ARM?2 (Figure 1f) plots. To characterize curvatures in the biplots, the
k statistic of Paterson (2011) was applied to calculate |E| and the modified version ]I?’| of Paterson et al. (2014)
for reference.

2.2. MSP Method

A companion set of specimens, aged in a 35 pT field applied at an angle of 45° to the TRM (position two described
by Tauxe et al., 2021) were subjected to the multi-specimen experiment (MSP) of Dekkers and Bohnel (2006)
as modified by Fabian and Leonhardt (2010). The specimens were split into four groups, each containing one or
more specimens from the four categories (SS, SC, CS, and CC). We followed these steps:

1. MO: The NRM (in this case, the aged TRM) was measured for all specimens.
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Figure 2. Multi-specimen protocol (MSP) experiment performed on specimens from the four groups of samples. Left-
hand panel is Q,,; (Dekkers & Bohnel, 2006) against laboratory field (in pT) and right-hand panel is Q. (Fabian &
Leonhardt, 2010) plotted against laboratory field. B, is the estimated API along with the two standard deviations. The
vertical dashed lines are the actual field in which the samples were cooled prior to aging. (a-b) Straight-straight (SS)
category. (c—d) Straight-curved (SC) category. (e—f) Curved-straight (CS) category. (g—h) Curved-curved (CC) category.

2. M1: At least one specimen from each category (SS, SC, CS, and CC) was given a partial TRM (pTRM) in one
of four fields (20, 40, 60, or 80 uT). The pTRMs were applied parallel to the NRM direction at a temperature
of 450°C.

3. M2: Same as M1 but in a field antiparallel to the NRM.

4. M3: Heating to 450°C in zero field, then cooling in a field parallel to the NRM.

5. M4: Repeat of M1.

In the original MSP method of Dekkers and Bohnel (2006), the parameter Q,,, (left-hand panels in Figure 2) is
calculated as (M1-MO0)/MO and plotted against the field applied for each group. For the modification proposed
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Figure 3. Arai diagrams for all the results of the AF-IZZI experiment. Specimens in the top (bottom) panel were aged in a 70 uT (35 pT) field. The four vertical panels
are straight-straight (SS), straight-curved (SC), curved-straight (CS), and curved-curved (CC) results. The legends in each subplot have the sample names and the API
estimated by CCRIT. Values listed as "X" are specimens that failed the CCRIT criteria.

by Fabian and Leonhardt (2010), Q) is calculated as 2((1 + a)M1-M0—-aM3)/(2M0-M1-M2), where a is 0.5.
Opsc is plotted on the right-hand panels in Figure 2. The best-fit lines and standard deviations are calculated with

the Python scipy.stats.linregress() function.

2.3. AF-1ZZ1 Method

Dunlop and Ozdemir (2001) suggested that it might be advantageous to demagnetize the NRM by using AF
demagnetization in a 10 mT field. The rationale was to demagnetize the low stability (assumed to be multi-
domain) grains and isolate the high stability (single domain) grains. We tested this method on a set of sister
specimens to the two other experiments. These were the 24 specimens that were aged for 5 years in 35 and
70 puT fields in position two of Tauxe et al. (2021) study. In our experiments, each specimen was subjected to a

Table 1

Specimen Level CCRIT (Cromwell et al., 2015) Selection Criteria

n DANG MAD p SCAT FRAC 8max |%|
4 <10° <5° 0.1 TRUE 0.78 >0.6 0.164

Note. For definitions, see Paterson et al. (2014). n: minimum number
of consecutive demagnetization steps, DANG: deviation angle, MAD:
maximum angle of deviation, f: the maximum ratio of the standard error to
the best fit slope, SCAT: a Boolean value that indicates whether the data fall
within 2¢ bounds of the best-fit slope, FRAC: fractional remanence, g, .:
maximum fractional remanence removed between consecutive temperature
steps, and |%|: maximum curvature.

10 mT AF demagnetization step prior to measurement in the standard [ZZI
experimental protocol of Yu et al. (2004). Arai plots for these experiments
are shown in Figure 3.

To calculate API, we applied the CCRIT selection criteria of Cromwell
et al. (2015) and Tauxe et al. (2016). These are listed in Table 1 and are
designed to screen out data effected by nonideal particles, such as altera-
tion of the magnetization due to heating and nonlinear behavior on the Arai
plots. In particular, the latter eliminates specimens with |E| values in excess
of 0.164, as recommended by Paterson (2011). For this, we used the program
Thellier_GUI (Shaar & Tauxe, 2013), which finds the API at a specimen
level that passes the CCRIT criteria and yields the tightest distribution of API
at a "site". Here, we take the category as the "site". We calculate the average
API as the average of all selected specimen values along with the standard
deviation.
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Table 2

Summary of Results From the TS Experiments

Sample CAT  LTD API Hy Hy  Slopey In N 4 klnrs-rui [Klarmo-ari Hyr  Hpp  slopey Jr iy

mcl67d SS 2.1 71.0 0 180 1.18 1.00 0.999 0.070 0.101 0.000 0 180 1.01 1.00 1.00
mc120c SS 32 708 5 180 1.18 0951 0.999 0.001 0.0174 0.0551 5 180 1.00 0.894  1.00
mc120b SS 29 677 35 140 1.13 0.519 0.997 0.144 0.0915 0.0948 35 140 1.05 0.555 0.998
mc109d SS 69 717 10 180 1.20 0.679 1.00 0.051 0.121 0.0734 8 180 0.961 0.842 1.00
mc109e SS 83 663 5 160 1.11 0.873  0.999 0.043 0.000 0.00332 0 160 1.05 0.992  1.00
hw226a SS 5.3 18 180 0.742  0.611 0910 0.627 0.242 0.0103 180 0.967 1.00  0.967
mcl17b SC 37  70.1 8 180 1.17 0.821 1.00 0.058 0.0273 0.0346 2 180 0986  0.901 1.00
mcl17d SC 6.4  69.0 18 180 1.15 0.488  0.999 0.030 0.0848 0.000 12 180 0969  0.737 1.00
mcll7e SC 75 704 5 180 1.17 0.850 1.00  0.000 0.134 0.0961 0 180 1.02 1.00 1.00
mcll17a SC 38 673 8 180 1.12 0.774  0.998 0.142 0.185 0.00204 2 180 0989 0476 1.00
jmO009c CS 11.6 743 15 90 1.24 0.633  0.998 0.073 0.148 0.288 0 90 0986  0.860 0.999
jm009d CS 53  70.6 12 180 1.18 0.740  0.997 0.175 0.402 0.559 0 180 1.04 1.00 1.00
jmO11d CS 9.6 675 8 180 1.13 0.826  0.999 0.010 0.0586 0.0714 5 180 0.997  0.908 1.00
jmO009i CS 7.7 682 10 180 1.14 0.817 1.00 0.015 0.311 0.282 8 180 1.00 0.893  0.999
jmO09f CS 10.1 73.4 18 180 1.22 0.691  0.999 0.000 0.0627 0.145 18 180 0.984  0.698 0.998
crd05g CS 78 643 8 180 1.07 0.881 0.998 0.165 0.934 0.875 0 180 0.998 1.00 1.00
cr418f CcC 185  67.0 5 20 1.12 0.450 0.999 0.116 0.0866 0.0498 5 20 0.951 0.445 0.998
cr423c cC 147 542 5 70 0.904 0.813 0995 0.126 0.287 0.0215 5 70 0.973 0.836  0.997
sc03f CC 14.3 15 180 1.26 0.722  0.984 0.407 0.775 0.979 0 180 1.03 1.00  0.998
sc03h CcC 10.0 40 180 1.28 0.281 0.973 0.000 0.288 0.243 20 180 1.00 0.761  0.995

Note. CAT: category; LTD: fraction lost in ARMO on LTD in percent; API: estimated absolute paleointensity in pT; H,, H,\: minimum and maximum AF field (in mT)
taken for the linear segment in the NRM-TRM1* plot; Slopey, Slope;: slopes of the linear segments in the NRM-TRM1* and TRM1-TRM2* plots; f, f;: NRM and
TRMLI fractions of the linear NRM-TRM1* and TRM1-TRM2* segments; ry, 7 correlation coefficients of the linear NRM-TRM1* and TRM1-TRM2* segments; |1€’ |:
curvatures of the linear NRM-TRM1* segments; |%|NRM-TRM1, |%| ARMO-ArM1: curvatures in the NRM-TRM1 and ARMO-ARMI plots; H,, H,;: minimum and maximum
AF field (in mT) taken for the linear segment in the TRM-TRM2* plot. Numbers in italics are out of the selection criteria.

2.4. Reanalysis of Published IZZI Thellier Results Using CCRIT

In addition to the AF-IZZI results presented here, we applied the CCRIT criteria to the results published earlier
by Santos and Tauxe (2019) and Tauxe et al. (2021) on fresh or aged TRMs given to sister specimens of those
considered in this paper. There were a total of 24 specimens in the first study and 120 specimens (positions 1, 3
and 5) in the second study. Experimental details are given in the original references.

::?;Z? of the Multi-specimen (MSP) Experiments Described in Section 2.2
CAT API lo N Std err
SS 54.3 3.6 6 5.2
SC 66.5 0.8 4 0.8
CS 66.6 24 5 3.0
CcC 64.3 2.0 5 2.6

Note. CAT: category; API: estimated absolute paleointensity in pT; 1o: one
standard deviation uncertainty. N: number of specimens in the category. Std
Err: standard error of the estimate.

3. Results

The TS results are listed in Table 2; those for the MSP experiments are listed
in Table 3; AF-1ZZI results are in Table 4. Our reanalysis of the IZZI Thellier
results of Santos and Tauxe (2019) and Tauxe et al. (2021) using the CCRIT
criteria are listed in Tables 5 and 6, respectively. A summary of all results
from our experiments are shown in Figure 4.

3.1. TS Method

A total of 17 API estimates by the TS method were successfully obtained by
the analysis described in Section 2. It resulted in an overall average (median)
of 68.5 (69.0) puT with a standard deviation of 4.5 uT, indistinguishable from
the laboratory field of 70 pT used for acquisition of the fresh TRMs. Repre-
sentative results from each category are illustrated in Figure 1 and Figures
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Table 4
Results From the AF-1ZZI Experiment, Analyzed With the CCRIT Selection Criteria of Cromwell et al. (2015); Tauxe
etal. (2016)
Specimen CAT API g FRAC Emax |1€’ | SCAT DANG MAD
mc109e-SB2 SS 76.8 0.02 0.79 0.15 0.1566 True 1.13 1.94
mc109e-SA2 SS 69.4 0.02 0.80 0.14 0.1464 True 3.83 2.05
mc109d-SB2 SS 70.7 0.01 0.80 0.15 0.0814 True 2.78 2.29
mc109d-SA2 SS 73.1 0.02 0.88 0.15 0.1483 True 1.49 2.25
hw226a-SB2 SS 72.8 0.02 0.97 0.16 0.0000 True 1.13 1.92
hw226a-SA2 SS 68.3 0.01 0.80 0.28 0.0000 True 1.55 1.39
mc120b-SA2 SS 73.2 0.00 0.81 0.17 0.0171 True 0.97 4.86
mc120b-SB2 SS 72.0 0.01 0.86 0.16 0.0794 True 0.68 3.00
mc120c-SA2 SS 70.9 0.02 0.87 0.18 0.0913 True 2.57 4.61
mc120c-SB2 SS 79.0 0.01 0.84 0.26 0.0000 True 0.83 1.41
mc167d2-SA2 SS 734 0.01 0.79 0.21 0.0322 True 2.37 2.73
mcl167d2-SB2 SS 714 0.01 0.99 0.21 0.0526 True 1.86 2.88
mcl17e-SB2 SC 76.3 0.02 0.79 0.15 0.1254 True 2.73 4.38
mcl17e-SA2 SC 74.3 0.02 0.93 0.30 0.1517 True 1.46 2.80
mcl117d-SA2 SC 76.6 0.01 0.80 0.30 0.0345 True 1.29 1.56
mc117b-SB2 SC 83.5 0.02 0.92 0.19 0.1460 True 2.24 3.45
mc117b-SA2 SC 76.2 0.02 0.83 0.24 0.1077 True 0.60 2.16
mcl17a-SB2 SC 72.4 0.02 0.86 0.35 0.1419 True 1.17 1.58
mcl17a-SA2 SC 76.7 0.01 0.94 0.29 0.1489 True 0.76 2.90
cr405g1-CA2 CS 71.1 0.01 0.82 0.17 0.0000 True 1.84 4.92
cr405g1-CB2 CS 73.3 0.02 0.90 0.16 0.1373 True 2.05 4.82
jm009c1-CA2 CS 75.2 0.02 0.82 0.24 0.1618 True 2.92 4.49
jm009d1-CA2 CS 725 0.01 0.81 0.21 0.0903 True 5.86 222
jm009d1-CB2 CS 732 0.02 0.84 0.18 0.1593 True 3.72 3.73
jm011d1-CB2 CS 69.9 0.02 0.83 0.26 0.1627 True 4.62 3.99
Note. CAT: category; API: estimated absolute paleointensity in pT. Other parameters are as in Table 1.

S1-S3 of Supporting Information S1. Details of the results are listed in Table 2 and in Figure S4 of Supporting

Information S1.

There are five API estimates from the SS category, four from the SC category, six from the CS category, and two

from the CC category (Figure S4a in Supporting Information S1). They are derived from 45% to 100% fraction

of the total NRM (Figure S4b in Supporting Information S1). At the category level, an average (median) and a
standard deviation of the API estimates are as follows: 69.5 (70.8) + 2.4 pT for SS; 69.2 (69.6) + 1.4 pT for SC;

69.7 (69.4) = 3.8 puT for CS; and 60.6 (60.6) = 9.1 pT for CC. Within the 95% confidence limits (20), there are

no significant differences in average/median APIs across the categories. Among the API specimen level esti-

mates, the estimate of 54.2 puT from the CC category specimen cr423c is significantly different from the other
16 estimates. If we excluded it as an outlier, there is only one specimen (cr418f) for the CC group, with an API

estimate of 67.0 pT. However, we do not feel justified in subjective exclusion of results and regard the TS method

as applied to the CC group as inconclusive.

Variable fractions of the remanences were erased by LTD during the course of the paleointensity experiments.

At the category level, an average of LT-demagnetized ARMO fractions are as follows: 4.8 + 2.5% for SS (N = 6);

5.4 +1.9% for SC (N =4); 8.7 + 2.2% for CS (N = 6); and 14.4 + 3.5% for CC (N = 4) (Figure S4c in Supporting

Information S1 and Table 2). It is clear that the demagnetized fractions are larger in the CS and CC categories

than those in the SS and SC categories. Degrees of the LT-demagnetized ARMO fractions are independent of the
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Table 5
Data From Santos and Tauxe (2019) Reanalyzed Using the CCRIT Specimen Level Criteria
Specimen CAT API B FRAC Lo k'] SCAT DANG  MAD
mc109d-SZb SS 71.3 0.00 0.97 0.12 0.0391 True 0.67 0.55
hw226a-SZb SS 71.0 0.01 0.79 0.18 0.0642 True 1.97 2.29
mc120b-SZb SS 72.3 0.01 0.78 0.21 0.0000 True 0.61 1.11
mc120c-SZb SS 70.8 0.00 1.00 0.13 0.0029 True 1.47 2.48
mc167d2-SZb SS 712 0.01 0.82 0.19 0.0470 True 1.14 4.35
mc109e-SZb SS 71.4 0.01 0.87 0.18 0.0962 True 0.64 0.57
mc117d-SZb SC 72.8 0.02 0.81 0.27 0.0000 True 0.70 1.41
mcl17e-SZb SC 72.8 0.01 0.86 0.23 0.0852 True 0.54 0.66
mcl17a-SZb SC 72.8 0.01 0.88 0.20 0.0000 True 0.46 0.41
mc117b-SZb SC 72.8 0.02 0.90 0.12 0.1326 True 0.92 0.78
jm011d1-CZb CS 712 0.02 0.91 0.20 0.1537 True 0.84 1.02
jm009i2-CZb CS 78.5 0.02 0.79 0.15 0.1007 True 1.76 0.42
cr405g1-CZb CS 70.3 0.01 0.84 0.10 0.0507 True 0.34 0.80
jm009d1-CZb CS 72.6 0.01 0.80 0.20 0.0043 True 1.17 0.28
jm009¢1-CZb CS 70.4 0.02 0.87 0.31 0.1537 True 1.25 1.32
jm009£2-CZb CS 67.8 0.02 0.88 0.33 0.1343 True 0.87 0.79
sc03f-CZb CcC 80.5 0.02 0.79 0.10 0.1202 True 1.36 2.06
cr418f-CZb CC 70.3 0.02 0.79 0.21 0.1470 True 0.89 0.69
Note. Specimen: specimen name; CAT: category assigned by Tauxe et al. (2021) and used in this paper; APIL: absolute
paleointensity estimate in pT; B, FRAC, gpax, |k’|, SCAT, DANG, and MAD are the parameters used in CCRIT to estimate
API. See Paterson et al. (2014) for definitions and Table 1 for threshold values.

curvatures (|7€| ) in the NRM-TRM1 plots (Figure 5a) and the ARMO-ARM1 plots (Figure 5b), which were solely

based on post-LTD remanences, across the categories. Curvatures were observed in the NRM-TRM!1 plots and

the ARMO-ARMI plots even after LTD and they were larger in the CS and CC categories than those in the SS

and SC categories (Figure S4d and S4e in Supporting Information S1). However, the degree of curvatures in the

two plots are similar across the categories (Figure 5c) resulting in more or less straight NRM-TRM1* plots with

reasonable API estimates except one (54.2 pT) from the specimen cr423c.

All the 17 successful results were accompanied by |E’ | values not more than 0.2 for the NRM-TRMI* diagrams

(Table 2). A criterion of |k’| < 0.2 has been suggested as an alternative selection criterion in the Shaw-type

method (Lloyd, Paterson, et _2}1., 2021). They argued that the ARM correction might occasionally fail resulting in

inaccurate API estimate, if |k’| > 0.1 for an NRM-TRMI* diagram. In the case of the specimen cr423c giving the

API of 54.2 pT, |k’| of the NRM-TRMI* diagram is 0.126 and the degree of curvature in the NRM-TRM1 plot

and the ARMO-ARM1 plot is not very consistent (Figure 5c).

Three specimens failed to give API estimates that met our criteria. Two of them (scO3f and scO3h) were from

the CC category (Figures S5 and S6 in Supporting Information S1) while one of them (hw226a) was from the

SS category. All of these were rejected as correlation coefficients in the NRM-TRM1* plots did not satisfy the

criterion of ry > 0.995. As for the specimen hw226a, the correlation coefficient in the TRM1-TRM2* plot was

also out of the selection criterion of r > 0.995. It should be noted that remanence of the specimen hw226a was

one to two orders of magnitude smaller than those of the other specimens.

3.2. MSP Method

The results from the MSP method shown in Figure 2 and Table 3 demonstrate that the “domain state correction”

procedure suggested by Fabian and Leonhardt (2010) recovered the correct API value for none of the four cate-

gories. All were significantly underestimated.
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Table 6
Same as in Table 5 but for Data of Tauxe et al. (2021)
Specimen CAT API B FRAC G || SCAT DANG  MAD
sc03h-CB3 CcC 69.9 0.01 0.87 0.14 0.0693 True 222 3.89
sc03f-CA3 CcC 67.2 0.02 0.87 0.13 0.1588 True 4.82 4.39
crd23c-CBS CC 65.9 0.02 0.86 0.19 0.1559 True 1.49 4.36
sc03h-CB1 CcC 72.8 0.02 0.80 0.16 0.1189 True 0.83 2.89
cr418f1-CAS CcC 65.0 0.03 0.85 0.22 0.1433 True 2.17 5.00
sc03h-CA3 CC 74.8 0.02 0.83 0.13 0.1383 True 4.23 4.98
sc03h-CA1 CcC 71.5 0.02 0.93 0.12 0.1577 True 1.43 3.79
cr423c-CB1 cC 63.0 0.02 0.80 0.19 0.1451 True 5.03 3.49
sc03f-CB1 CC 71.7 0.02 0.80 0.15 0.1577 True 4.39 3.03
cr405g1-CAS CS 70.6 0.02 0.98 0.11 0.1559 True 1.20 2.77
jm009i2-CB3 CS 69.4 0.01 0.81 0.13 0.1142 True 5.20 2.31
jm009d1-CBS5 CS 69.4 0.01 0.94 0.12 0.1603 True 3.49 2.95
jm009¢1-CB1 CS 69.4 0.02 0.79 0.27 0.1016 True 1.32 2.47
jmO011d1-CB1 CS 69.5 0.02 0.89 0.16 0.1495 True 3.31 2.78
jm009i2-CAl CS 69.5 0.02 0.84 0.12 0.1423 True 4.67 422
jmO009f2-CB5 CS 69.5 0.02 0.85 0.30 0.1598 True 3.38 1.89
cr405g1-CBS CS 69.5 0.01 0.81 0.11 0.0009 True 1.06 2.12
jm009i2-CB1 CS 69.5 0.01 0.91 0.12 0.1220 True 3.21 2.41
jm009d1-CB1 CS 71.9 0.02 0.83 0.14 0.1508 True 5.67 3.12
jm009i2-CA3 CS 69.6 0.01 0.83 0.14 0.1166 True 4.99 4.39
jm009f2-CB3 CS 69.6 0.02 0.91 0.30 0.1636 True 0.44 2.58
jmO011d1-CAS CS 69.3 0.02 0.92 0.17 0.1520 True 4.39 4.84
jm009¢c1-CB3 CS 69.6 0.01 0.93 0.22 0.1549 True 1.97 2.41
jmO009f2-CA1 CS 69.7 0.02 0.80 0.29 0.1496 True 3.46 4.62
jm009d1-CA1 CS 69.7 0.01 0.84 0.13 0.1107 True 4.15 3.25
cr405g1-CAl CS 70.7 0.01 0.82 0.11 0.0557 True 0.68 3.39
jm009d1-CAS CS 69.6 0.01 0.78 0.16 0.0000 True 277 4.44
jmO009f2-CA3 CS 69.5 0.01 0.80 0.29 0.1445 True 3.03 3.02
jm009c1-CAS5 CS 68.9 0.02 0.93 0.23 0.1593 True 4.51 4.46
jm009f2-CB1 CS 65.4 0.02 0.86 0.29 0.1594 True 3.19 2.60
cr405g1-CB1 CS 66.4 0.01 0.87 0.10 0.0198 True 0.76 2.35
jmO11d1-CA1 CS 66.9 0.02 0.79 0.20 0.1572 True 4.95 3.25
jm009i2-CB5 CS 67.0 0.02 0.85 0.14 0.1579 True 4.38 2.50
jm009d1-CA3 CS 77.2 0.01 0.81 0.14 0.0786 True 1.94 3.99
jmO011d1-CB3 CS 68.1 0.01 0.95 0.16 0.1635 True 5.58 2.51
cr405g1-CB3 CS 67.0 0.01 0.87 0.10 0.0000 True 0.87 2.01
jm009¢1-CB5 CS 68.5 0.01 0.96 0.24 0.1626 True 1.77 2.51
jm009d1-CB3 CS 76.0 0.01 0.81 0.14 0.0914 True 5.39 2.48
crd405g1-CA3 CS 66.3 0.01 0.86 0.11 0.0000 True 0.64 4.88
mc117e-SBS SC 71.6 0.02 0.80 0.17 0.1092 True 1.86 3.90
mcl17a-SA1 SC 64.7 0.02 0.79 0.19 0.1487 True 1.62 2.57
mc117d-SA3 SC 65.8 0.02 0.87 0.19 0.1588 True 1.86 3.36
mc117b-SB3 SC 71.1 0.02 0.79 0.24 0.1189 True 0.58 1.46
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mcl17e-SB3 SC 71.0 0.01 0.79 0.19 0.0969 True 1.56 2.75
mcl17e-SA3 SC 71.5 0.02 0.80 0.16 0.1525 True 4.97 3.01
mcl17e-SAS SC 72.3 0.02 0.88 0.14 0.1599 True 1.87 2.60
mcl17e-SB1 SC 72.7 0.02 0.87 0.16 0.1569 True 1.92 3.08
mc117b-SBS SC 71.2 0.00 0.82 0.23 0.0002 True 1.42 1.91
mc117d-SAS SC 73.2 0.02 0.88 0.19 0.1527 True 1.10 2.51
mcl17b-SAS SC 73.3 0.02 0.86 0.16 0.0000 True 0.05 2.81
mc117d-SB1 SC 71.0 0.01 0.85 0.24 0.0847 True 1.48 2.32
mcl17a-SB3 SC 70.2 0.02 0.80 0.23 0.1488 True 1.30 3.80
mc117d-SB5 SC 69.0 0.02 0.78 0.20 0.0746 True 1.74 2.95
mc117a-SB5 SC 75.2 0.01 0.87 0.17 0.0982 True 1.54 2.60
mcl17b-SB1 SC 68.8 0.02 0.94 0.15 0.1447 True 2.01 2.91
mcl17e-SAl SC 71.2 0.02 0.89 0.15 0.1474 True 2.47 2.98
mc117d-SB3 SC 73.5 0.02 0.83 0.18 0.1319 True 273 2.44
mcl17a-SAS SC 66.7 0.02 0.91 0.18 0.1562 True 1.67 2.93
mcl17b-SAl SC 67.4 0.02 0.82 0.20 0.1592 True 1.76 3.40
mc117a-SA3 SC 69.8 0.02 0.84 0.19 0.1625 True 2.90 3.70
mcl17b-SA3 SC 73.9 0.02 0.80 0.18 0.1143 True 1.73 3.56
mcl17d-SAl SC 79.2 0.02 0.87 0.21 0.1391 True 0.29 2.32
mcl17a-SB1 SC 71.2 0.01 0.86 0.18 0.0766 True 1.60 3.78
mc120b-SA3 SS 71.3 0.01 0.82 0.21 0.0000 True 1.05 4.85
mc120c-SB1 SS 76.8 0.01 0.79 0.16 0.0798 True 0.88 251
mc120b-SAS SS 77.9 0.01 0.89 0.18 0.0370 True 1.88 3.81
mc120b-SAl SS 75.3 0.01 0.80 0.19 0.0356 True 0.51 4.24
mc109d-SB3 SS 71.5 0.01 0.88 0.17 0.0466 True 2.52 2.77
mc120b-SB5 SS 73.0 0.01 0.79 0.22 0.0000 True 0.55 3.31
mc167d2-SB5 SS 72.0 0.01 0.90 0.21 0.0246 True 2.41 3.53
mc109e-SB1 SS 56.6 0.02 0.80 0.23 0.1619 True 1.79 4.72
hw226a-SA5 SS 71.1 0.03 0.79 0.20 0.1380 True 0.97 2a2
mc167d2-SA3 SS 61.7 0.01 0.87 0.20 0.0731 True 3.84 4.88
mcl167d2-SA1 SS 64.1 0.02 0.97 0.25 0.1130 True 1.74 3.71
hw226a-SA3 SS 66.3 0.01 0.87 0.24 0.0416 True 1.68 1.37
mc120c-SBS SS 67.4 0.01 0.87 0.18 0.0732 True 6.71 4.26
mc109d-SAS SS 68.3 0.01 0.89 0.13 0.0878 True 1.77 4.87
mc167d2-SB3 SS 68.5 0.02 0.82 0.23 0.1066 True 2.89 2.41
mc120c-SAS SS 68.6 0.01 0.79 0.14 0.0000 True 1.07 2.92
mc167d2-SB1 SS 68.9 0.01 0.83 0.22 0.0945 True 331 2.69
mc109e-SAl SS 69.2 0.02 0.84 0.23 0.1437 True 4.09 2,73
mc167d2-SAS SS 69.8 0.01 0.93 0.22 0.0288 True 2.19 1.89
hw226a-SA1 SS 71.3 0.02 0.81 0.22 0.0962 True 1.84 2.42
mc109d-SA3 SS 70.3 0.01 0.79 0.17 0.0505 True 3.13 4.01
mc120c-SB3 SS 70.9 0.01 0.79 0.17 0.0421 True 1.52 3.20
hw226a-SB3 SS 70.9 0.02 0.91 0.20 0.0000 True 1.38 1.30
YAMAMOTO ET AL. 12 of 20

85U8017 SUOWILIOD 3RO 3ol dde ayy Aq peusenob afe sapiie VO ‘s Jo SaInJ 10} Aleiqi 78Ul UO /8|1 UO (SUOPUOD-PUE-SWLB)LIY A8 | 1M AeIq 1[Bul [UO//STY) SUORIPUOD PUe WIS 18U 89S *[£202/T0/62] U0 ARIq1TaUIIUO A8]IM ‘Uoieiepe Ueissny aUeIyo0D Aq T6E0T009Z202/620T OT/10p/wodfe|im Atelqiput|uosgndnbie//sdny wo. pepeojumod ' ‘2202 ‘£20252ST



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geochemistry, Geophysics, Geosystems 10.1029/2022GC010391

Table 6
Continued

Specimen CAT API B FRAC o 1| SCAT  DANG MAD

hw226a-SB1 SS 70.9 0.01 0.80 0.21 0.0167 True 0.57 1.63
mc120c-SAl SS 71.0 0.01 0.94 0.12 0.0886 True 1.59 3.90
mc109d-SA1 SS 71.0 0.01 0.97 0.13 0.0986 True 223 3.74
mc120b-SB1 SS 71.0 0.01 0.94 0.20 0.0473 True 1.58 3.13
mc109e-SA3 SS 71.0 0.01 0.92 0.15 0.1138 True 2.53 3.92
mc120c-SA3 SS 71.1 0.01 0.99 0.10 0.0427 True 2.34 391
mc109e-SB5 SS 71.1 0.01 0.88 0.15 0.0925 True 1.79 2.94
mc109e-SAS5 SS 71.1 0.01 0.89 0.23 0.0915 True 4.29 2.35
mc109d-SB5 SS 70.7 0.02 0.86 0.16 0.1551 True 0.89 2.67
mc120b-SB3 SS 85.9 0.01 0.88 0.19 0.0810 True 1.32 3.52

3.3. AF-1271

We analyzed the data from the experiment in which specimens were treated with a 10 mT AF field prior to meas-
urements. Arai plots for all experiments are shown in Figure 3 and the results using the CCRIT selection criteria
(Cromwell et al., 2015; Tauxe et al., 2016) are listed in Table 4. Of the 38 specimens subjected to the AF-1ZZI
experiment, 25 passed the CCRIT specimen level criteria. These gave an average API of 73.7 + 3.3 pT. The 12
SS specimens yielded an average of 72.6 + 3.0 pT; the 7 SC specimens had a mean API of 76.6 + 3.4 pT; the
six CS specimens had an average of 71.8 + 1.8 pT, but no CC specimens passed the CCRIT criteria. Apart from
the SC specimens, CCRIT produced accurate results, but failed to improve the performance of the most curved
(and likely coarsest grained) samples. In addition, the over-estimate of the SC specimens in those that passed
CCRIT is worrisome. In fact, this type of behavior led to the adoption of site level consistency tests (Cromwell
et al., 2015), a practice that improved agreement of site level estimates with the known historical fields in which
the lavas cooled. In the case of our SC samples, all of the estimates were higher than the 70 pT lab field used
for acquisitions of the fresh TRMs, and the data, if treated as a "site" would lead to an over-estimate of the API.
Hence, we do not recommend using the AF-IZZI.

3.4. Reanalysis of Previously Published IZZI Results Using the CCRIT Criteria

We reanalyzed the data from the experiments of Santos and Tauxe (2019) and Tauxe et al. (2021) using the
CCRIT selection criteria. These are listed in Tables 5 and 6, respectively, and shown in Figure 4. Eighteen of the
20 specimens analyzed passed CCRIT in the Santos and Tauxe (2019) study and 96 in the Tauxe et al. (2021)
study. These had average APIs of 72.3 + 2.9 uT and 70.3 + 3.8 uT, respectively. Figure 4 and Tables 5 and 6
show that experiments on the "fresh" TRMs conducted by Santos and Tauxe (2019) (ST19-CCRIT) and the
experiments on the "aged" TRMs conducted by Tauxe et al. (2021) (T21-CCRIT) are within a few pT of the
70 pT field used for acquisitions of the fresh TRMs. This is achieved through the rejection of curved Arai plots
and only using the "straight" results.

4. Discussion
4.1. Comparisons of the Results Between the TS Method and the IZZI Thellier Method

We compare the API estimates obtained by the TS method and those by the IZZI Thellier method using the CCRIT
criteria on the aged sister specimens (Figure 6). Cumulative distributions of the two sets of APIs and their 95%
bounds are shown in Figure 7. API estimates for the TS method range from 54.2 to 74.3 pT. Those from the aged
1ZZ1 experiments range from 56.6 to 85.9 pT. From the cumulative distributions shown in Figure 7, it appears
possible that the IZZI method on the two-year-aged specimens allows more inaccurate estimates that are biased
high. 95% of the values in the TS experiments are in the range of 64—74 uT while those in the aged IZZI exper-
iments ranged from 63 to 79 pT (dotted bounds in Figure 7). However, there were many more specimens in the
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Figure 4. Summary of re;

sults of all experiments presented here, as well as the data from prior publications as reanalyzed here. Red dots are API estimates from

individual specimens. Stars are the category means for each method. The black bars are the 16 confidence bounds. Numbers above each method are the number of
specimens used in each average. (a) straight-straight (SS) category, (b) straight-curved (SC) category, (c) curved-straight (CS) category, (d) curved-curved (CC)

category.

aged IZZ1 collection and in fact the null hypothesis that the two distributions are similar cannot be rejected at the
95% level of confidence based on a Student's ¢-test p-value of 0.08. Agreement of APIs between the TS method
and the IZZI Thellier method with the CCRIT has been previously demonstrated (Yamamoto & Yamaoka, 2018).

Both experimental protocols applied here eliminate chemical alteration as a cause for failure of the intensity
experiments by choosing natural samples that did not appear to alter in the original experiments. Also, because
the laboratory fields during the experiments were applied parallel to the initial TRMs in the IZZI Thellier exper-
iment, anisotropy will not bias the results either (in the TS method, anisotropy correction has been built-in using
ARMs). We can therefore evaluate what the best-case accuracy of API experiments can be. Regarding the data
set generated by the TS method, 95% of them can have up to 6 pT bias. Using the largest data set we consider
here, the experiments of Tauxe et al. (2021), we see that 95% of the data can have up to 9 pT bias. Taking all of
the data without excluding "outliers," both methods can have a bias of up to 16 pT at the specimen level. This is
far larger than the 6 pT estimate of uncertainty predicted by Paterson et al. (2012) based on laboratory sources
of error alone.
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4.2. Rock Magnetic Parameters and API Estimates by the TS Method

A series of the rock magnetic parameters of the sister specimens from the same samples used in the present
study were reported in Tauxe et al. (2021). The parameters are as follows: bulk domain stability (BDS, Paterson
et al., 2017); ratio of the tFORC and remFORC (Zhao et al., 2017) integrated over FORC Zones 1 and 3, respec-
tively (Trans/Rem); width of FORC distribution along the horizontal axis (Width); full-width half-maximum
value of a vertical profile through the peak of the coercivity distribution in FORC diagram (FWHM); nucleation
peak field (NPF); and annihilation peak field (APF). Here, we compared these parameters with the API estimates
by the TS method and the curvatures in the NRM-TRM1 plots to consider whether or not there are any discerni-
ble relationships. These parameters, which could be utilized as measures of nonSD behaviors, did not show any
discernible relationships with the API estimates by the TS method (Figure S7 in Supporting Information S1) as
well as the curvatures in the NRM-TRMI1 plots (Figure S8 in Supporting Information S1). This suggests that the
API estimates by the TS method are not much influenced by nonSD behaviors characterized by these parameters
as a result of a series of the improvements including LTD and ARM corrections in the TS method.

4.3. Implications for the Cause of Fragile Curvature in Paleointensity Plots

In the IZZI Thellier method, the resultant Arai plots showed variable curvatures (k, hereafter called 1ZZI
curvature) including the results from "original" TRMs (Cromwell, Constable, et al., 2013; Cromwell, Tauxe,
et al., 2013; Cromwell et al., 2015; Lawrence et al., 2009; Sbarbori et al., 2009). Tauxe et al. (2021) argued
that the IZZI curvatures can be "fragile," as they can increase during aging. They attributed this curvature to a
growth over time of an inequality between blocking and unblocking temperature spectra. It is possible that such
an inequality does not necessarily result in biased API estimates in the TS method, because they are obtained
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Figure 6. Comparisons of the absolute paleointensity (API) estimates by the Tsunakawa-Shaw (TS) method with those by the IZZI Thellier method using the CCRIT
criteria for "fresh" thermoremanent magnetizations (TRMs) (a) and "aged" TRMs of positions 1, 3, and 5 (b—d), on the sister specimens. Black bars are the +6 pT
bounds predicted by Paterson et al. (2012) for laboratory uncertainty in Thellier-type experiments.
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1.0 in coercivity space with a series of the improvements including LTD and
ARM corrections (note that the CCRIT selection criteria accomplishes the
L 08 same result in the IZZI Thellier experiments by rejecting spefimens whose
2 |k| values (evaluated over the fraction of remanence used |k’|) exceed the
-:‘; 064 threshold value of 0.164, as recommended by Paterson (2011)). When we
a think about relations of the IZZI curvatures to the API estimates by the TS
_g 0.4 method, reasonable estimates with ~70 uT were obtained irrespective of the
2 IZZI curvatures except for a single specimen in the CC category. Apart from
§ 0] that specimen, there is no tendency relating biased API estimates to samples

: with the larger [ZZI curvatures (Figure 8).

0.01 Causes of the IZZI curvatures seem to be related to a remanence originating

55 60

Figure 7. Cumulative distributions for the absolute paleointensity (API)
estimates from the Tsunakawa-Shaw (TS) method (red) and the IZZI estimates
reanalyzed from Tauxe et al. (2021) (blue) and the bounds containing 95% of

the data in each group.

65

API (uT)

from the magnetocrystalline anisotropy, as there is a tendency that amounts

70 75 80 85

of ARMO demagnetized by LTD are larger for the samples with the larger
IZZI curvatures (Figure 9). It is known that magnetocrystalline anisotropy
constants of K, and K, show temperature dependences and the constants for
Ti-poor titanomagnetites reach to zero at —130°C to —180°C (Syono & Ishi-
kawa, 1963). These temperatures are achievable by liquid nitrogen (a boil-
ing point of —196°C), and zero field cycling of a specimen between room
temperature and liquid nitrogen temperature results in removal of a rema-
nence originating from the magnetocrystalline anisotropies—this is a main concept of LTD. It is thought that
remanence carriers whose coercivities mainly originate from the magnetocrystalline anisotropies are probably
susceptible for a time growth of unequality between blocking and unblocking temperature spectra resulting in the
larger IZZI curvatures after aging, and such remanences can be removed by LTD. In light of this result, it would
be interesting to incorporate the low temperature treatment into the IZZI experiment, as the incorporation of AF
to 10 mT failed to improve the results. About the conventional Thellier experiment, inclusion of LTD has been
attempted in several studies (e.g., Schmidt, 1993; Smirnov et al., 2017; Yamamoto et al., 2003).

The LTD treatment in the TS method did not always result in straight NRM-TRM1 and ARMO-ARM1 plots,
although the degree of the curvature in the two plots are similar for the same specimens (Figure 5c) resulting
in more or less straight NRM-TRM1* plots with reasonable API estimates, as stated in Section 3.1. There still
seems to be causes of such curvatures in the TS method other than the remanence of magnetocrystalline anisot-
ropy origin. One possible cause might be magnetostriction, which is known as a cause of coercivity. In the case
of volcanic rocks, they are more or less quenched when they form. Magnetic minerals forming the rocks could be
in a relatively high state of magnetostriction initially. As time passes under natural conditions, stress that causes
the magnetostriction is thought to relax resulting in a lower state of magnetostriction. Another possible source is
the possibility of multiple choices for the magnetization direction in grains other than the Néel particles (uniaxial
single-domain) assumed by Thellier's requirements for successful API experiments (Thellier & Thellier, 1959).
For example, the grain size range with surprisingly low stability owing to the preference for "hard-aligned" single
vortex directions (Nagy et al., 2017) could result in changes in magnetization state during aging or during the
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Figure 8. (a) Comparison between the absolute paleointensity (API) estimates by the TS method and the IZZI curvatures (7&) for "fresh" thermoremanent
magnetizations (TRMs) and (b—d) "aged" TRMs of positions 1, 3, and 5.
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Figure 9. (a) Comparison between the low temprature (LT)-demagnetized ARMO fraction in the TS method and the IZZI curvatures (|ﬁ| > for "original" TRMs,
(b)"fresh" TRMs, and (c—e) "aged" TRMs of positions 1, 3, and 5.

paleointensity experiments themselves. Further exploration of this possibility will rely on extensive micromag-
netic modeling research that is currently being actively pursued.

S.
1.

Conclusions

A total of 17 API estimates by the TS method were successfully obtained, resulting in an overall average
(median) of 68.5 (69.0) pT with a standard deviation of 4.5 pT. This is indistinguishable from the laboratory
field of 70 pT used for acquisitions of the fresh TRMs.

The MSP method performed poorly for all categories with a mean of 63 + 5 pT.

The treatment with AF prior to measurement in the standard IZZI Thellier experimental protocol also
performed poorly for several categories. None of the specimens in the coarsest grain size category (CC) passed
our selection criteria and the category with bimodal grain sizes (SC) gave quite biased results (76.6 + 3.4 pT).
API estimates by the IZZI Thellier method previously obtained from sister specimens from the same samples
used in the present study ("fresh" TRMs, Santos and Tauxe (2019); "aged" TRMs, Tauxe et al. (2021)) are
reanalyzed using the CCRIT selection criteria. The results are within a few pT of the 70 pT field used for
acquisitions of the fresh TRMs. When compared with the results by the TS method, both approaches yielded
similar behavior and range of values, although the API range of the far larger data set of "aged" TRMs is
somewhat larger than those from the TS method.

A series of the rock magnetic parameters of the sister specimens from the same samples used in the present
study, which were reported in Tauxe et al. (2021) and could be utilized as measures of nonSD behaviors, did
not show any discernible relationships with the API estimates by the TS method as well as the curvatures in
the NRM-TRMI plots. This suggests that the TS method excludes specimens influenced by nonSD behaviors
as characterized by these parameters.

Remanence carriers whose coercivities mainly originate from magnetocrystalline anisotropy (thought to be
associated with multidomain grains) or unstable magnetizations (thought to be associated from multiplicity
of choice in magnetization directions (e.g., Nagy et al., 2017) could be responsible for a growth of inequality
between blocking and unblocking temperature spectra with aging, which has been suggested as a cause of the
IZZ1 curvatures.
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