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Abstract 

High-quality data are vital to the research field of paleointensity, which has long suffered from poor-quality and/or 
sparse data. Previous paleointensity work has established that repeatedly heating specimens increases the oppor-
tunity for thermochemical alteration to decrease the reliability of paleointensity data. In addition, recent work has 
shown that repeatedly heating specimens in paleointensity experiments can also exaggerate the effects of non-ideal, 
non-single domain grains. Arai plots resulting from paleointensity experiments containing such grains are often 
curvilinear (two-slope) across most of the specimen’s unblocking temperature spectrum, except in the temperature 
range nearest to the grains’ Curie temperature. This study tests the following strategy to mitigate these effects: that of 
performing a Thellier paleointensity experiment using fewer temperature steps that are also concentrated at higher 
temperatures. For this purpose, we use natural specimens with well-constrained rock magnetic data from the Hawai-
ian Scientific Observation Hole 1 (SOH1) drill core in paleointensity experiments with starting temperatures ranging 
from 200 °C to 500+ °C. Those experiments that focused in on the portion of the unblocking temperature spectrum 
nearest the Curie temperature of the specimen (HiTeCT) had an exceptionally low success rate, whereas those with 
initial temperatures at comparatively moderate temperatures (200–400 °C) had high success rates (~ 70%). Thermo-
chemical alteration was minimized with a start temperature of 400 °C, but the curvature of the Arai plots had no 
clear dependance on start temperature. We conclude herein that increasing the start temperature can help avoid the 
effects of low-temperature alterations. Additionally, we found that the approach of focusing in on the highest tem-
perature range is not a feasible one to apply in paleointensity experiments, in general, and consider this likely to be a 
result of a lack of intermediate-temperature checks for alteration and insufficient independence of temperature steps.

Keywords: Paleomagnetism, Paleointensity, Methodology, Rock magnetism

© The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

Open Access

*Correspondence:  grappone@liverpool.ac.uk
Geomagnetism Laboratory, School of Environmental Sciences, University 
of Liverpool, Liverpool L69 7ZE, UK

http://orcid.org/0000-0001-5004-8561
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40623-021-01558-2&domain=pdf


Page 2 of 10Grappone et al. Earth, Planets and Space          (2021) 73:235 

Introduction
Paleomagnetism provides a unique means to probe 
Earth’s deep interior over the billions of years across 
which rocks preserve primary magnetizations. Estimates 
of the strength of the Earth’s magnetic field (its paleoin-
tensity) are essential to understanding long-term changes 
in the geodynamo. Therefore, accurate and broad pale-
ointensity surveys are needed across the entirety of the 
rock record.

Initially, just a single step was used to replace the 
specimen’s magnetic field with a field of known strength 
(Koenigsberger 1936). Thereafter, the method was 
expanded to include multiple steps and a best-fit line for 
a more robust estimate (Thellier and Thellier 1959). Next, 
checks for thermochemical alteration (pTRM checks) 
were added because alteration may not always cause a 
sharp change in the slope of the Arai plot data [e.g., Coe 
(1967)]. Thereafter, checks for non-single domain behav-
ior (pTRM tail checks) were added because their non-
ideal behavior can cause sagging (concave-up) curvilinear 
Arai plots (Riisager and Riisager 2001). The addition of 
each of these steps increased the required amount of 
time to complete the experiment, but aimed to improve 
the fidelity of the resulting data.

The problem with large magnetic grains stems from 
their non-unique lowest energy domain configurations. 

Large grains contain multiple magnetic domains, whose 
domain walls deteriorate and then reform each time the 
grain is remagnetized [e.g., Butler (1992)]. These domain 
walls do not necessarily reform into the same configura-
tion, so precisely replicating the previous domain state 
is nearly impossible. Absolute paleointensity methods 
require the excitement of magnetic grains to remove and 
replace their natural remanent magnetization (NRM) 
with a known field (Thellier and Thellier 1959), giving 
them a thermoremanent magnetization (TRM). Since 
multi-domain grains cannot necessarily be returned to 
the same internal domain wall configuration, the data 
extracted from paleointensity experiments containing 
multi-domain grains are, at best, not necessarily fully 
reproducible and, at worst, severely biased and unusable.

Hodgson et  al. (2018) showed that repeatedly heating 
synthetic specimens containing interacting single domain 
or multi-domain (MD) grains can cause increased devia-
tion from ideal single domain (SD) behavior. The devia-
tion, in turn, causes an Arai plot to become curvilinear 
over the course of a paleointensity experiment, which 
is an issue that has been known for over 40  years (Levi 
1977). Hodgson et  al. (2018) used the Coe (1967) vari-
ant of the Thellier protocol, which consistently gives 
concave-up Arai plots (Nagata et al. 1963) when non-SD 
effects are strong (e.g., Shcherbakova et  al. (2000)). The 
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result can be a paleointensity overestimate if the low-
temperature portion of an Arai plot is used (Coe et  al. 
2004; Dunlop and Ozdemir 2001; Xu and Dunlop 2004) 
and an underestimate if the high-temperature portion of 
an Arai plot is used (Biggin and Thomas 2003; Dunlop 
et al. 2005; Shcherbakov and Shcherbakova 2001).

One of the major findings in Hodgson et  al. (2018) 
was that the Arai plot straightened out in the tempera-
ture region approximately 20 °C below a given specimen’s 
Curie temperature. Their Fig. 12 is reproduced in Fig. 1.

In addition, Hodgson et  al. (2018) showed non-SD 
effects can be reduced by minimizing the number of 
heatings and restricting the experiment to only tempera-
tures near the Curie temperature  (TC) of the specimens. 
The specimens in Hodgson et al. (2018) were artificially 
created from naturally occurring magnetite and oxyex-
solved titanomagnetite. As a result, these specimens 
had well-defined Curie temperatures and rock magnetic 
properties, which made doing high-temperature paleoin-
tensity experiments relatively straightforward. This paper 
develops and tests the method proposed by Hodgson 
et al. (2018) using natural basalt specimens from the well-
studied Scientific Observation Hole (SOH1) bore hole 
from the island of Hawaiʻi.

In the purest form of Hodgson et al. (2018)’s method, 
only temperatures in the range T ∈ [TC − 20 , TC ] are 
used, and alteration checks are omitted to minimize the 

number of heatings. However, the lack of systematic 
pTRM checks means that alteration cannot be detected, 
which would limit the reliability—as expressed by, for 
example, the  QPI score (Biggin and Paterson 2014) of 
these experiments. This technique will be tested further 
herein by including systematic alteration tests (pTRM 
checks) in the experimental protocol.

The purpose of this current study is to investigate the 
aforementioned Hodgson et al. (2018) high-temperature 
paleointensity method by taking the Coe (1967) pale-
ointensity method to its extreme. This study therefore 
undertook experiments with a range of initial tempera-
tures, from a relatively standard 200 °C to a maximum of 
560 °C.

Material
For this study, 99 specimens were selected from 15 
flows from the Scientific Observation Hole (SOH) 1 drill 
core (island of Hawaiʻi) from the University of Liver-
pool’s repository. The SOH drill core’s basalts cover the 
0–46 ka time range sampled across nearly 240 flows. All 
specimens used have had their rock magnetic properties 
reported in previous studies (Grappone 2020a; Grappone 
et al. 2020b; Gratton et al. 2005; Teanby et al. 2002). The 
Curie temperature (range) and hysteresis properties of 
each investigated flow are, therefore, well-established. 
The SOH1 drill core covers 240 flows, and the flows 
selected were ones with sufficiently similar Curie temper-
atures to allow batch sizes of at least 8 specimens. A sum-
mary of the lava flows studied herein (including previous 
paleointensity estimates) is given in Table 2. Flows with 
Curie temperatures above 500  °C were favored on the 
basis that low-Ti titanomagnetite grains were expected 
to behave the most similarly to those in Hodgson et  al. 
(2018) in these experiments. The goal was to test the 
viability of this technique as a paleointensity method by 
itself, so the rock magnetic properties were used as the 
first selection criterion for inclusion in this study. The 
flows and specimens used for each set of experiments 
were then selected such that the mean expected pale-
ointensity estimates would be around 20 ± 2 µT. The 
expected paleointensity estimates were based on the pre-
vious paleointensity data as determined by Teanby et al. 
(2002) and Gratton et al. (2005). The assessment in Grap-
pone et al. (2020b) suggested that the best paleointensity 
estimate for a given SOH1 flow was the mean of the esti-
mates from Teanby et al. (2002) and Gratton et al. (2005) 
for a given flow. Unlike in Hodgson et al. (2018), we do 
not have known paleointensity values against which to 
compare our new data, which is, of course, expected for 
almost all paleointensity surveys. Further details on the 
flows selected can be found in Table 1.

Fig. 1 The three zones of a non-single domain paleointensity 
experiment, taken from Hodgson et al. (2018): (i) is the 
lower-temperature, higher-slope (overestimating) portion, (ii) is the 
higher-temperature, lower-slope (underestimating) portion, (iii) is the 
highest-temperature, most accurate portion that this current study 
aims to investigate further
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Rock magnetism
Hodgson et  al. (2018) worked with artificial samples 
made from naturally occurring magnetite of known mag-
netic grain size. In order to eventually compare these 
new results with theirs, the rock magnetic properties 
of the natural samples need to be well-defined. Specifi-
cally, the Curie temperature, the thermoremanent curve 
shape, and the hysteresis parameters are required. The 
Curie temperature provided by Gratton et  al. (2005) 
constituted the basis for calculating the temperature 
range for the experiment. Their Curie temperature esti-
mates were derived from thermoremanent curves using 
a variable field transition balance. A weakness of the 
HiTeCT experiment is that the thermoremanent curves 
by themselves only provide information on specimens’ 
Curie temperatures and not the specimens’ unblocking 
temperature spectrum, which is a key parameter in the 
experiments presented herein. Example thermoremanent 
curves can be found in Fig. 2. The two types of thermore-
manent curves observed for the flows in this study can 
be found in Fig. 2A and B, with the curve type observed 
in Fig.  2A being more common among the flows tested 
herein (9/15). The young ages of these rocks mean that, 
regardless of Curie temperature range, the specimens do 
not experience substantial thermochemical alteration 
after a single heating cycle. Thermoremanent curves of 
the types observed in Fig. 2A and B are typical for speci-
mens that have a narrow and a broad range of Curie tem-
peratures, respectively. Specimens with a wider range 
of Curie temperatures are, broadly, expected to be less 

suitable for HiTeCT experiments because a wider range 
of Curie temperatures often indicates a more varied, 
complex magnetic mineralogy. The specimens used in 
Hodgson et al. (2018) had thermoremanent curves more 
similar to those in Fig. 2A, with narrow Curie tempera-
ture ranges.

The hysteresis parameters provide a proxy for magnetic 
domain states contained in the samples and their stabil-
ity. A summary of the magnetic properties of the samples 
studied is provided in Table 2.

Figure 3 contains a bulk domain stability (BDS) plot of 
these flows’ hysteresis parameters (Paterson et al. 2017).

Methods
The Thellier experiments reported herein are a modified 
version of the Coe (1967) protocol, which has historically 
been one of the most used Thellier protocols and was the 
protocol used in Hodgson et  al. (2018). In this variant, 
each temperature step is first run in a zero-field (Z step), 
followed by an in-field step (I step). In addition, pTRM 
checks for alteration (P steps) are added after every other 
Z step, for a final pattern of ZT IT ZT+1 PT-1 IT+1 where T 
denotes the temperature step.

The high-temperature Coe–Thellier (HiTeCT) experi-
ment proposed by Hodgson et  al. (2018) suggests that 
no pTRM checks and only temperatures in the range 
of [Tc − 20,Tc] should be used to get the best paleoin-
tensity estimate. One key assumption of the technique 
is that the unblocking temperature spectra of speci-
mens are clustered close to their Curie temperatures, 

Table 1 Summary of previous paleomagnetic data for flows presented herein

Blank cells indicate no data are available

Flow Teanby et al. (2002) Gratton et al. (2005)

Specimens 
(passed/total)

Inclination range Paleointensity 
estimate

Specimens 
(passed/total)

Curie temp Paleointensity 
estimate

107 0/1 3/4 580 15.3 ± 1.0

118 2/2 −0.6°–7° 21.4 ± 1.2 0/3 570

120 2/3 −2.3°–7.9° 37.5 ± 3.3 0/4 515

123 1/2 −7.4°–2.2° 19.5 2/2 510 12.5 ± 1.2

147 0/1 2/2 510 11.7 ± 1.7

148 3/3 −2.4°–0.8° 19.1 ± 1.6 1/2 520 12.7

157 2/2 −12.9° to −0.1° 27.3 ± 1.4 3/3 550 12.6 ± 1.3

191 0/3 1/2 536 10.8

209 0/1 27.7° 0/3 540

215 1/2 580 35.7

224 0/1 4/4 560 20.3 ± 3.5

225 0/2 −3.0°–5.4° 2/3 580 10.8 ± 6.8

226 2/3 −7.1° to −3.0° 22.2 ± 4.5 3/3 580 16.3 ± 1.2

228 0/1 3/3 540 11.0 ± 1.6

232 2/2 520 13.5 ± 0.2
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as defined by thermomagnetic analysis. While this 
assumption is generally true for stoichiometric magnet-
ite with a narrow grain-size distribution (e.g., those in 
Hodgson et  al. 2018), this assumption often is not the 
case for natural samples such as those studied herein, 
which have, in some cases, already been shown to have 

distributed unblocking temperature spectra (Grat-
ton et  al. 2005; Teanby et  al. 2002). This technique, 
therefore, has quite intense requirements and requires 
extensive rock magnetic data for successful tests. This 
paper presents both this technique and a series of less 
extreme variants of the method, with different start-
ing temperatures that range from 200 to 500 + °C, as 
detailed in Table  3. Non-HiTeCT experiments will be 
referred to by their starting temperature; e.g., 200CT is 
the Coe–Thellier experiment with a starting tempera-
ture of 200 °C.

Fig. 2 Example thermoremanent curves characteristic of the flows studied herein. A Contains a single magnetic phase with a narrower primary 
Curie temperature range. B Contains an example of a specimen with a broad Curie temperature range

Table 2 Rock magnetic parameters for samples tested herein

a In reference to Fig. 2
b  LM6 specimens were tested in Hodgson et al. (2018) and are provided for 
reference only

All SOH rock magnetic information is taken from the data provided by Gratton 
et al. (2005)

SOH flow number Curie temp (°C) Mrs

Ms

Hcr

Hc
Curve  typea

107 580 0.34 1.88 A

118 570 0.32 2.16 B

120 515 0.17 2.77 A

123 510 0.15 5.34 A

147 510 0.18 2.82 B

148 520 0.37 1.82 B

157 550 0.28 2.27 A

191 536 0.47 1.88 A

209 540 0.32 2.10 B

215 580 0.51 1.56 A

224 560 0.45 1.72 B

225 580 0.11 8.17 A

226 580 0.12 5.82 A

228 540 0.34 1.87 B

232 520 0.17 3.3 A

LM6 <  5b 569 0.18 2.13 –

LM6 25–30b 567 0.076 3.44 –

Fig. 3 Bulk domain stability (BDS) plot for the SOH1 flows studied 
herein. SOH raw data are taken from Gratton et al. (2005) and Russell 
(2018). Further information on Hodgson et al. (2018) reference values 
is provided in Table 2
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The control experiment for this study is the set of Coe–
Thellier experiments that began at an initial temperature 
of 200 °C and used temperature steps of 20–50 °C. Exper-
iments were run in 20–40 µT laboratory fields, always 
applied in the same direction in specimen coordinates: 
inclination = 90º. The 300CT, 400CT, and 500CT experi-
ments bridge the gap between the typical Coe–Thellier 
experiment and the Hodgson et al. (2018) high-tempera-
ture method. These shortened Coe–Thellier experiments 
began at elevated temperatures, with initial temperatures 
of 300, 400, and 500  °C. These four initial temperatures 
were selected because previous analysis [e.g., Gratton 
et  al. (2005)] has indicated that some SOH1 specimens 
have overprints that unblock at temperatures around 
300 °C.

The HiTeCT experiments began at an initial tem-
perature 20  °C below the specimen’s Curie temperature 
(TC). The experiments ran from TC –20 °C to TC +10 °C, 
outside of the range proposed by Hodgson et  al. (2018) 
to ensure complete demagnetization in the event of any 
thermochemical alteration. This technique includes 
pTRM checks, which mitigate the effects of alteration 
during the experiment. However, a substantial weakness 
of this technique is that these checks cannot rule out the 
possibility of alteration occurring during the first (large) 
temperature step.

The selection criteria used for this study are outlined 
in Table  4. These selection criteria are based on those 
used in Grappone et al. (2019) and (2020b) for successful 
methodology investigations on Hawaiian lavas.

Results
Across all the Coe–Thellier variants tested herein, a total 
of 48 specimens passed all selection criteria (51% pass 
rate). A summary of the results by experiment type can 
be found in Table  5. A summary of results by flow can 
be found in Additional file 1. The highest pass rates came 
from the lower starting temperatures, with relatively 
comparable pass rates of 69%–72% being found with 
the 200CT, 300CT, and 400CT experiments. Increasing 
the start temperature to 500  °C for the 500CT experi-
ment decreased the pass rate substantially to 29%, and 
the HiTeCT experiment (with a start temperature up to 
another 60 °C higher) further decreased the pass rate to 
11%.

Representative Arai plots of the various experiments 
can be found in Fig. 4. In addition to avoiding overprints, 
the higher start temperature is expected to provide a 
more linear Arai plot. A more linear Arai plot can result 
from both/either reduced thermochemical alteration or 
reduced non-SD effects. Looking qualitatively at the Arai 
plots of the specimens that passed, there was no clear 
difference between the shapes of the 200CT, 300CT, or 
400CT experiments’ Arai plots. There was a slight trend 
for DRAT (a measure of thermochemical alteration) to 
decrease as the temperature increased in these experi-
ments. However, DRAT increased for the 500CT and 
HiTeCT experiments, which is a reasonable consequence 
of the substantially smaller fraction of the unblocking 
temperature spectra tested. DRAT relies on normaliza-
tion by the length of best-fit line. These experiments, the 

Table 3 Summary of experiments run for this study

a Based on the estimates from Teanby et al. (2002) and Gratton et al. (2005)

Experiment Temperatures (°C) Number of steps Specimens Expected 
mean PI 
 estimatea

200CT T ∈ [200, Tc] 11 25 21.0

300CT T ∈ [300, Tc] 11 16 19.6

400CT T ∈ [400, Tc] 9 18 21.8

500CT T ∈ [500, Tc] 9 17 20.9

HiTeCT T ∈ [Tc − 20, Tc + 10] 9 or 11 19 19.3

Table 4 Selection criteria

N is the number of data points on the Arai plot. FRAC is a measure of the amount of NRM used. The parameter β is a measure of the Arai plot data scatter, q is the 
quality factor,  MADANC and α are measures of how well a specimen’s direction trends to the origin. DRAT checks for alteration by comparing the error to the length 
of the best-fit line, and |K’| measures the curvature of the selected portion of the Arai plot. Parameters were calculated according to the standard palaeointensity 
definitions (Paterson et al. 2014)
* |K’| was not used as an explicit selection criterion but will rather be used as a measure of the technique’s efficacy. Additional file 1 contains the data suggested for use 
in any future SOH meta-analysis

N FRAC β q MADANC α DRAT |K’|*

 ≥ 4  ≥ 0.35  ≤ 0.1  ≥ 4  ≤ 10  ≤ 15  ≤ 10% –
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Table 5 Summary of successful experiments run for this study

Ntot is the total number of specimens run, PI means paleointensity, |K’| is a measure of curvature of the points selected on an Arai plot, and Nstep is the mean number of 
Arai plot data points selected

Passes (rate) (%) Ntot Expected PI 
estimate (µT)

Mean PI estimate 
(µT ± 1σ)

|K’| DRAT (%) Nstep

(mean ± 1σ) (range)

200CT 17 (74) 25 21.0 31.7 ± 15 0.177 ± 0.12 0.007–0.451 5.2 ± 1.9 9 ± 1

300CT 11 (69) 16 19.6 28.4 ± 16 0.244 ± 0.15 0.056–0.501 4.8 ± 2.6 9 ± 2

400CT 13 (72) 18 21.8 25.8 ± 15 0.255 ± 0.14 0.001–0.517 4.3 ± 2.5 8 ± 2

500CT 5 (29) 17 20.9 21.2 ± 11 0.252 ± 0.19 0.044–0.469 4.8 ± 1.8 9 ± 1

HiTeCT 2 (11) 19 19.3 21.7 ± 0.9 0.627 ± 0.01 0.619–0.636 7.8 ± 2.5 11 ± 1

Fig. 4 Representative specimens from each type of experiment run herein. A–D Examples of standard Coe–Thellier experiments with starting 
temperatures from 200 to 500 °C. E and F are the two passes from the HiTeCT experiments
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most unconventional presented herein, have qualitatively 
similar shapes to each other, as observed in Fig. 2D–F.

A summary of pass rates and mean paleointensity esti-
mates are provided in Table 5. A noteworthy trend within 
the 200–500CT experiments is the apparent decreas-
ing PI estimates with increasing starting temperature. 
This trend is plotted in Fig. 5 and compared against the 
expected PI estimate (from Table 3). The figure shows a 
further substantial trend: the 25–75% paleointensity esti-
mate range decreases with increasing start temperature, 
whereas the expected paleointensity values remain rela-
tively constant.

Curvature information, quantified by the parameter 
|K’|, is reported in Table 5. The lowest mean and maxi-
mum curvature values are found from the 200CT experi-
ments, although the large standard deviations mean that 
this experiment’s mean |K’| value is not statistically dis-
tinct from the 300CT, 400CT, or the 500CT experiments’ 
results (p = 0.21, 0.12, 0.30, respectively). The two suc-
cessful HiTeCT specimens have the highest curvature of 
any successful specimen tested herein.

Discussion
This study obtained a relatively small difference in 
result quality (as measured using Arai plot selec-
tion criteria) from the 200CT, 300CT, and 400CT 
experiments. According to Hodgson et  al. (2018), the 
higher start temperatures should provide two tangible 

advantages: less opportunity for low-temperature 
thermochemical alteration and avoidance of a low-
temperature overprint in the output data. Avoiding 
thermochemical alteration and reducing the impact 
of non-single domains grains are the primary goals 
of many paleointensity methods. This goal covers the 
microwave paleointensity experiments performed in 
Gratton et  al. (2005) and Grappone et  al. (2020b) on 
these samples, as well as the HiTeCT method tested 
herein. This effect is apparent here, with the mean 
DRAT decreasing from 5.2% (200CT) to 4.3% (400CT), 
but the effect remains relatively small. The avoidance of 
the low-temperature overprint is less clearly visible in 
the data as no improvement in curvature was observed 
with increased start temperatures. While the curvature 
did not decrease as substantially as expected from the 
data in Hodgson et al. (2018), the mean paleointensity 
estimates decreased with increased start temperatures. 
These decreased estimates are largely consistent with 
the general finding in Grappone et al. (2020b) that the 
higher-temperature portion of an Arai plot gives lower 
paleointensity estimates if the specimens have over-
prints or two-slope Arai plots. The improvements made 
from increasing the start temperature from 200  °C to 
400  °C reverse, however, when the start temperatures 
are increased further.

A recent study by Fabian and Shcherbakov (2020) 
showed that the onset of low-temperature oxidation 
begins at temperatures in this same 200–400 °C range, 
which means that pTRM checks in this temperature 
range are less likely to fail. Their findings agree with 
our result that minimizing the number of heatings in 
this temperature range, which is often not a tempera-
ture range relevant for paleointensity estimates, helps 
reduce total thermochemical alteration and improve 
the resulting paleointensity data.

A major limitation to increasing the initial tempera-
ture is that higher start temperatures have the potential 
to introduce more thermochemical alteration before a 
pTRM check is possible. For moderate starting tempera-
tures, like 200 °C and 300 °C, the lack of a pTRM check is 
unlikely to be of substantial concern. However, at higher 
temperatures (400+ °C), the lack of a low-temperature 
reference point means that thermochemical alteration 
caused by, for example, the decomposition of maghemite 
may not be appropriately detected. Our observations 
agree with the model presented in Fabian and Shcherba-
kov (2020), who found that in the 400–500  °C range, 
more substantial oxidation was predicted than at lower 
temperatures, which helps explain why the 400CT exper-
iments had better initial pTRM checks than the 500CT 
experiments.

Fig. 5 Boxplot showing mean paleointensity estimate versus 
experiment type. The blue box shows the boundaries of the first 
(25%) and third (75%) quartiles. The black dashed lines represent 
the minima and maxima (excluding outliers). Red crosses represent 
substantial outliers in the data. The black circle is the expected 
paleointensity estimate, based on the data presented in Table 3. This 
plot was generated using MATLAB’s built-in boxplot script. This figure 
shows that the median paleointensity estimate decreased as the 
initial temperature increased from 200 °C to 500 °C. Table 4 shows 
that the mean PI estimate decreased as well
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The experiments that stand out as producing the larg-
est differences are the 500CT and HiTeCT experiments. 
The main distinguishing factor for the 500CT experi-
ment from those with lower start temperatures is its 
substantially lower pass rate (due to low FRAC and high 
β), but those that pass have comparable DRAT and cur-
vature. The HiTeCT method, on the other hand, failed 
to improve either the pass rate or the Arai plot curva-
ture. These experiments rely on the assumption that 
the unblocking temperatures of a specimen’s grains are 
generally clustered near the specimen’s Curie tempera-
ture, which is not the case here or, indeed, for samples 
from many rock units. Both these experiments lack any 
means for checking thermochemical alteration occurring 
between the NRM and 500+ °C. Further, the small tem-
perature steps, while reproducible (Hodgson et al. 2018), 
fail to monotonically unblock the specimens. Since each 
temperature step only marginally increases the grains 
that can be unblocked, the demagnetization and remag-
netization ‘levers’ do not change substantially, which 
means that the influence of small errors in orientation 
and handling of the specimen is, proportionally, larger 
on the change between each step. The HiTeCT approach 
fails to monotonically unblock specimens and lacks 
checks for alteration. Thus, we conclude that the HiTeCT 
approach is unsuitable for natural specimens that have 
less ideal rock magnetic properties than the artificial 
specimens tested in Hodgson et al. (2018).

Conclusions
In this paper, variants of the Coe–Thellier paleointen-
sity method were tested on Hawaiian lavas from the Sci-
entific Observation Hole 1. Higher initial temperatures 
correlated with marginally decreased mean paleointen-
sity estimates, but no substantial change in success rate 
was observed when the start temperature was increased 
from 200  °C to 300  °C or 400  °C. For specimens with 
start temperatures of 500+ °C (temperatures near the 
Curie temperature of their main magnetic carrier, mag-
netite), however, the success rate dropped substantially. 
No clear improvement in the quality of the Arai plot data 
was found, contradicting previous experiments that used 
artificially created specimens. For future paleointensity 
experiments, this paper shows that higher start temper-
atures can be used to avoid low-temperature Arai plot 
components that are expected to be the result of a mag-
netic overprint. The higher start temperatures, however, 
did not prevent non-SD curvature from influencing the 
Arai plots.
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