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S U M M A R Y 

Accurate absolute palaeointensity is essential for understanding dynamo processes on the Earth 

and other planetary bodies. Although great efforts have been made to propose techniques 
to obtain magnetic field strength from rock samples, such as Thellier-series methods, the 
amount of high-fidelity palaeointensities remains limited. One primary reason for this is the 
thermal alteration of samples that perv asi vel y occurred during palaeointensity experiments. 
In this study, we developed a comprehensive rock magnetic experiment, termed thermal rock 

magnetic cycling (TRMC), that can utilize measurements of critical rock magnetic properties at 
ele v ated temperatures during multiple heating-cooling cycles to track thermal changes in bulk 

samples and individual magnetic components with different Curie temperatures in samples 
for palaeointensity interpretations. We demonstrate this method on a Galapagos lava sample, 
GA 84.6. The results for this specimen revealed that GA 84.6v underwent thermophysical 
alteration throughout the TRMC experiment, resulting in changes in its remanence carrying 

capacity. These findings were then used to interpret the palaeointensity results of specimen 

GA 84.6c, which revealed that the two-slope Arai plot yielded two linear segments with 

distinct palaeointensity values that were both biased by thermophysical alteration. To further 
test the TRMC method, we selected another historical lava sample (HS 2) from Mt Lassen, 
detecting slight thermal-physical changes after heating the specimen HS 2–8C to a target 
temperature of 400 

◦C. We also isolated a stable magnetic component with a Curie temperature 
below 400 

◦C using the TRMC method, which may provide a more reliable palaeointensity 

estimate of 51 μT. By providing a method for tracking thermal alteration independent of 
palaeointensity experiments, the TRMC method can explore subtle, unrecognizable thermal 
alteration processes in less detailed palaeointensity measurements, which can help to assess 
the thermal stability of the measured samples and interpret the changes in the TRM unblocking 

spectrum and palaeointensity estimates, facilitating the acquisition of more reliable records 
for constrain the formation of the inner core and the evolution of Earth’s magnetic field. 

Key words: Magnetic properties; Palaeointensity; Rock and mineral magnetism; Instability 

analysis. 
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1  INTRODUCTION  

One of the central goals of palaeomagnetic research is to de- 
scribe variations in the geomagnetic field, including its direction 
and strength. Accurate palaeointensity records play a pivotal role 
in understanding geomagnetic field behaviour (e.g. de Groot et al. 
2015 ; Wang et al. 2015 ; Okayama et al. 2019 ; Asefaw et al. 2021 ) 
and the evolution of dynamos within the core of the Earth and other 
planetary bodies (e.g. Biggin et al. 2015 ; Tikoo et al. 2017 ; Bono 
et al. 2019 ; Mighani et al. 2020 ). Fur ther more, insights into the 
formation and early history of the solar system can be gleaned from 
218 
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palaeointensity estimates of meteorites (e.g. Fu et al. 2014 ; Wang 
et al. 2017 ; Fu et al. 2020 ; Weiss et al. 2021 ). 

A significant amount of the absolute palaeointensity records 
was acquired using the Thellier-series palaeointensity experiments, 
which used heating treatments to replace natural remanent magne- 
tization (NRM) recorded by measured rock samples with a thermal 
remanent magnetization (TRM) obtained by a known laboratory- 
applied field (Thellier & Thellier 1959 ; Coe 1967b ). Widely used 
Thellier-series method, such as the original Thellier–Thellier dou- 
ble heating protocol (Thellier & Thellier 1959 ), the Coe protocol 
(Coe 1967b ) and the IZZI protocol (Tauxe & Staudigel 2004 ; Yu 
ress on behalf of The Royal Astronomical Society. This is an Open Access 
s Attribution License ( https://creati vecommons.org/licenses/b y/4.0/ ), which 
 any medium, provided the original work is properly cited. 
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t al. 2004 ), hav e sev eral challenges for obtaining reliable palaeoin-
ensity data, resulting in a low success rate in these protocols and
 limitation in the acquisition of available accurate palaeointensi-
ies. For example, global palaeointensity records spanning the past
 Myr drawn from the PINT 2014.01 database did not exhibit an
xplicit latitudinal dependency as expected for a geocentric axial
ipole (GAD) model (e.g. Lawrence et al. 2009 ; Wang et al. 2015 ;
iasi et al. 2021 ; Tauxe et al. 2022 ). One possible primary reason

or this is the low-fidelity palaeointensity data in the database (Wang
t al. 2015 ). 

Based on empirical and experimental arguments from previous
tudies over past decades, the thermal alteration of samples (Kos-
erov & Pr ́evot 1998 ; Fabian 2009 ; Qin et al. 2011 ; Zhao et al. 2014 ;
im et al. 2018 ; Wang & Kent 2013 , 2021 ) and the multidomain

MD) ef fect (Le vi 1977 ; Riisager & Riisager 2001 ; Xu & Dunlop
004 ; Biggin 2006 ; Dunlop 2011 ; Shaar et al. 2011 ; Smirnov et al.
017 ; Tauxe et al. 2021 ), are the two crucial reasons restrict the fi-
elity of palaeointensity determinations during Thellier-type meth-
ds. Great efforts have been made, such as low-temperature demag-
etization (LTD) treatments (Schmidt 1993 ; Smirnov et al. 2017 )
nd the Repeat thEllier-Series ExperimenT (RESET) palaeointen-
ity method (Wang & Kent 2021 ) to correct the MD effect and
av e gradually improv ed success rates in palaeointensity e xperi-
ents (Biggin & Dekkers 2007 ; Paterson 2011 ; Smirnov et al.

017 ; Wang & Kent 2021 ). 
Thermal alteration of lava samples, including thermophysical

such as variations in magnetic domain state) and thermochemi-
al (such as the formation of new ferromagnetic minerals or the
egradation of original ferromagnetic minerals) changes, are com-
only occurred in laboratory heating process during Thellier-series

alaeointensity experiments, which can bias the palaeointensity es-
imates (Qin et al. 2011 ; de Groot et al. 2014 ; Wang & Kent 2021 ).
he par tial ther moremanence check (pTRM check), first proposed
y Thellier & Thellier ( 1959 ), is conducted by giving the sample
nother pTRM at a pre viousl y experienced lower temperature dur-
ng palaeointensity measurements to detect possible changes in the

agnetic mineralogy. A discrepancy between the previously ac-
uired pTRM and the pTRM obtained during the check process at
he same temperature indicates that thermal alteration occurred. In
he current studies, pTRM checks as the primar y ther mal alteration
ndicator widely used in palaeointensity experiments (Monster et al.
018 ; Abdulghafur & Bowles 2019 ; Grappone et al. 2021 ; Wang
 Kent 2021 ). For example, 88 per cent of 25 palaeointensity stud-

es collected from 2003 to 2014 used pTRM checks (see table S1
n Wang & Kent 2021 ). Ho wever , the pTRM check has its inher-
nt weakness, which is only effective in detecting thermal changes
ithin particles whose blocking temperature is lower than the check

emperature (Coe 1967a ; Wang & Kent 2021 ), resulting in even
assing the pTRM check does not guarantee the thermal stability of
he measured samples and the accuracy of obtained palaeointensity
stimates. 

Great effort has been made to propose different palaeointensity
xperimental techniques to avoid thermal alteration, such as the
ultispecimen parallel differential pTRM technique (referred to as

he MS method, Hoffman et al. 1989 ; Dekkers & B ̈ohnel 2006 ).
he MS method complied with a basic assumption of the first-order
ymmetr y proper ties of pTRM in MD grains (Dekkers & B ̈ohnel
006 ) to obtain reliable palaeointensities independent of magnetic
omain states (Dekkers & B ̈ohnel 2006 ; Michalk et al. 2008 ; 2010 ).
oreover, the MS method uses multiple samples, and each sample

onducted one moderate-temperature heating treatment, avoiding
aborator y-induced ther mal alterations and reducing the processing
ime duration (Dekkers & B ̈ohnel 2006 ). Ho wever , the sample con-
ucted in the once-heating step may not avoid thermal alteration,
nd the MS method still needs the rock magnetic measurements to
dentify the thermal stability of measured samples. 

Conventional measurements of rock magnetic properties before
nd after heating steps serve as another indicator to detect thermal
hanges (Smirnov & Tarduno 2003 ; Carvallo et al. 2006 ; Qin et al.
011 ; Paterson et al. 2017 ; Kim et al. 2018 ; Wang & Kent 2021 ).
or instance, Qin et al. ( 2011 ) identified the M rs,480 ◦C / M rs,25 ◦C as the
lteration index to select palaeointensity samples without thermal
hanges. Jeong et al. ( 2021 ) compared hysteresis properties before
nd after heating treatments to detect the possible thermal changes
o recover the geomagnetic field intensities from the Hawaii 1960
istorical lava samples. Paterson et al. ( 2017 ) established a link be-
ween magnetic behaviour and palaeointensity estimates and identi-
ed the bulk domain stability (BDS) trend to reveal the remanence
tability of measured samples. These findings show that compre-
ensive rock magnetic analyses have great prospects for tracking
hermal changes. 

In this study, we proposed a new method, thermal rock magnetic
ycling (TRMC), which conducted critical rock magnetic properties
t ele v ated temperatures during multiple heating-cooling cycles to
rovide deeper insight into the thermal alteration of bulk samples
nd individual magnetic components with different Curie temper-
tures in measured samples. We conducted the TRMC method on
 Galapagos lava sample GA 84.6 (Wang & Kent 2013 ; 2021 ).
he variation in hysteresis properties revealed that the corrected
rai plot of GA 84.6c contained two linear segments with different
alaeointensity values, but both were biased by thermophysical al-
eration. To further test the ef fecti veness of the above method, we
tilized the TRMC method to e v aluate the thermal stability of a his-
orical lava sample (HS 2) from Mt Lassen during high-temperature
eating experiments, which helped us to detect thermal changes and
nterpret the changes in the TRM unblocking spectrum of palaeoin-
ensity specimen. As a new method, the TRMC experiment can
rack thermal alteration details, which can help us assess the ther-
al stability of palaeointensity specimens, interpret palaeointensity

stimates in previous studies and preselect palaeointensity samples
n new palaeofield strength studies. 

 MATERIALS  AND  METHODS  

.1 Lava samples 

ava samples from the GA-X site on Floreana Island in the Galapa-
os Archipelago ( Fig. S1 ) provide a valuable low-latitude record of
he Santa Rosa Excursion event during the Matuyama chron. This
vent has been dated to 925.7 ± 4.6 ka based on 40 Ar/ 39 Ar age deter-
inations (Balbas et al. 2016 ) and has an associated palaeointensity

ecord of 4.23 ± 1.29 μT (Wang & Kent 2013 ; 2021 ). Although
he pTRM check of the critical specimen GA 84.6c from the GA-X
ite passed, it failed to provide a reliable palaeointensity record.
or this study, we chose sister specimens of GA 84.6 for electron
robe micro-anal yser (EPMA) anal ysis and comprehensi ve thermal
ock magnetic cycling (TRMC) measurements. These specimens
ere cut from 10-mm-diameter half-cylinder specimens cut along

he edge of palaeointensity specimen GA 84.6c (Wang & Kent
013 , 2021 ; Fig. S2 ). We also measured conventional rock mag-
etic curves at room temperature on these fresh specimens to verify
he consistency of hysteresis behaviour in GA 84.6 sister specimens
sing the Day plot ( Fig. S3 ). 

https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae268#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae268#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae268#supplementary-data
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To further test the ef fecti veness of our TRMC method for 
palaeointensity interpretations, we conducted the proposed exper- 
iment on another historical lava specimen, HS 2–8C. On 19 May 
1915, a small eruption occurred at Mt Lassen in nor ther n Califor- 
nia. The geomagnetic field strength at the eruption site was 54 μT 

(Coe et al. 2004 ). Coe et al. ( 2004 ) collected samples from the 
1915 Mt Lassen dacite flow to obtain the hysteresis behaviour from 

rock magnetic experiments and extract the expected palaeointensity 
record using the Thellier method. Their results indicated that the pri- 
mary magnetic carriers within sample HS 2 were non-single-domain 
(non-SD) titanomagnetite grains and obtained a relati vel y accurate 
palaeointensity of 45 μT (Coe et al. 2004 ). Additionally, Coe et al. 
( 2004 ) also observed that the room-temperature remanences and 
coerci vities slightl y changed after repeated heating-cooling treat- 
ments, especially after heating from 400 to 600 ◦C. These findings 
prompted us to use the new TRMC method to evaluate the impact 
of thermal changes on palaeointensity estimates within the 1915 Mt 
Lassen sample. 

2.2 Rock magnetic measurements and EPMA analysis 

To identify the composition and size distribution of magnetic carri- 
ers within the Galapagos lava sample, we measured low-temperature 
ther mal fluctuation tomog raphy (LT-TFT, Jackson et al. 2006 ) 
curves on a fresh specimen GA 84.6v from 10 to 320 K for every 
10 K using the Quantum Designs Magnetic Properties Measuring 
System (MPMS) in the Institute for Rock Magnetism (IRM), the 
University of Minnesota. Another specimen, GA 84.6u, was cho- 
sen for EPMA analysis and back-scattered electron (BSE) imaging 
using an electron probe microanalyser at Wuhan Sample Solution 
Anal ytical Technolo gy Co., Ltd, Wuhan, China. The anal ysis w as 
conducted using the JXA-8230 model from JEOL with a 1 μm 

beam diameter and either 15 or 20 kV accelerating voltage. After 
two heating-cooling cycles with a target temperature of 607 ◦C, the 
same microscopic analysis was conducted on specimen GA 84.6w to 
detect potential thermal alteration. BSE imaging was also conducted 
on a fresh specimen and an after-heated specimen from sample HS 

2, which may detect the thermal changes after high-temperature 
heating treatments. 

In addition, we conducted low-field thermal magnetic susceptibil- 
ity measurements ( κ–T curves) in Argon on a powdered bulk sample 
of GA 84.6 using an AGICO KLY-3 Kappabridge equipped with a 
high-temperature furnace at the Palaeomagnetism and Geochronol- 
ogy Laboratory at the Institute of Geology and Geophysics, Chinese 
Academy of Sciences. In order to gain more insights into the ther- 
mal alteration characteristics, we conduct high-temperature rock 
magnetic measurements on additional fresh ∼20 mg specimen GA 

84.6w on a high-temperature measurements system in the Institute 
for Rock Magnetism (IRM), the University of Minnesota. We cal- 
culated the low-field susceptibility ( кLF ) from the hysteresis loops 
measured at ele v ated temperatures from room temperature to 607 
◦C for every 20 ◦C. Then, we repeat the 25 ◦C to 607 ◦C measure- 
ments after the first heating treatment, which allows us to compare 
the кLF values of the initial state to the after-heated state. 

2.3 T her mal rock magnetic c y cling (TRMC) experiment 

We performed the ne wl y de v eloped TRMC e xperiment on a Galapa- 
gos lava specimen GA 84.6v to track the thermal alteration in detail. 
We used a Lake Shore vibrating sample magnetometer (VSM 8604) 
at the China University of Geosciences (Wuhan, Fig. S4 ), equipped 
with a Model 86-OVEN high-temperature oven to measure hystere- 
sis loops, back-field direct current demagnetization (DCD) curves 
and first-order reversal curves (FORCs, Pike et al. 1999 ; Roberts 
et al. 2014 ) at ele v ated temperatures from 25 ◦C to each target 
temperature (100 ◦C, 200 ◦C, 300 ◦C, 400 ◦C, 450 ◦C, 500 ◦C, 
550 ◦C, 575 ◦C) every 25 ◦C. To track the thermal alteration after 
the first heating to 575 ◦C, we repeat the specimen heating from 

room temperature to 575 ◦C (Fig. 1 ). The above TRMC procedure 
for specimen GA 84.6v included nine heating-cooling cycles and 
required over 300 hr of experimental time (Fig. 1 ). 

During the TRMC experiment (Fig. 1 ), all rock magnetic curves 
were measured in a maximum applied field of 1.5 T. Critical param- 
eters such as saturation magnetization ( M s ), saturation remanent 
magnetization ( M rs ) and magnetic coercivity ( B c ) were extracted 
from corrected hysteresis loops using high-field linear slope cor- 
rection. The DCD measurement procedure was modified to obtain 
high-resolution DCD curves, and remanent coercivity ( B cr ) was ex- 
tracted from these curves. We also calculated the low-field suscepti- 
bility ( кLF ) from the hysteresis loops after each heating-cooling cy- 
cle. The coercivity distribution of GA 84.6v was derived from DCD 

curves using the cumulative log Gaussian (CLG) model (Robertson 
& France 1994 ; Heslop et al. 2002 ) and skew-normal distribution 
model (MAX UnMix web application, Maxbauer et al. 2016 ) to 
analysis the magnetic constituents contained in the measured spec- 
imen. FORC measurements used a field increment of 2 mT and an 
averaging time of 1 s, and the software package FORCinel v3.06 
(Harrison & Feinberg 2008 ) was used to calculate the FORC dia- 
grams. We additionally used an Agilent molecular pump to reduce 
the inner furnace pressure from 101.325 kPa (atmospheric pressure) 
to about 10 −7 kPa during the TRMC experiment ( Fig. S4c ). At the 
same time, a flow of 99.99 percent high-purity inert argon gas was 
inserted at a rate of 80 to 130 cc/min into the sample space to avoid 
severe oxidation of the measured specimen ( Fig. S4e ). 

Considering the relati vel y high thermal stability of the 1915 
Mt Lassen sample, we perform a simplified TRMC procedure on 
specimen HS 2–8C. We modified the measured temperature in- 
tervals from 25 to 50 ◦C and selected a target temperature range 
from 100 to 600 ◦C at 100 ◦C intervals, which reduced the ex- 
perimental time to less than 80 hr. We also used the VSM 8604 
equipped with high-temperature measurement instruments (e.g. 
model-86 OVEN, Agilent molecular pump, as shown in Fig. S4 ) 
at the China University of Geosciences (Wuhan) to measure hys- 
teresis loops, DCD curves, and FORCs from room temperature to 
each target temperature (100 ◦C, 200 ◦C, 300 ◦C, 400 ◦C, 500 ◦C, 
600 ◦C and 600 ◦C). This entire set of TRMC experiments consists 
of seven heating-cooling cycles, and all rock magnetic curves were 
measured in a maximum applied field of 1.5 T. 

3  RESULTS  

3.1 T her mal alteration analysis for Galapagos lava sample 
GA 84.6 

3.1.1 Magnetic carriers and thermophysical alteration 

The results of EPMA analysis and BSE imaging of specimen GA 

84.6u reveal micron-sized iron oxide particles (Figs 2 a, b and S5 ) 
dominantly composed of titanomagnetite, with a maximum tita- 
nium content of almost 0.6 ( Table S1 ). These particles commonly 
display e xtensiv e e xsolution features, with ilmenite divided into re- 
gions with particle sizes of less than 10 μm, or even 1 μm, as a 

https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae268#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae268#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae268#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae268#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae268#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae268#supplementary-data
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Figure 1. Schematic diagram of the thermal rock magnetic c ycling (TRMC) e xperiment made at ele v ated temperatures for GA 84.6v. The TRMC experiment 
consisted of hysteresis loops, DCD curves and FORCs measurements. These were conducted at temperatures starting from room temperature up to target 
temperatures (100 ◦C, 200 ◦C, 300 ◦C, 400 ◦C, 450 ◦C, 500 ◦C, 550 ◦C, 575 ◦C and 575 ◦C) in increments of 25 ◦C. After each heating-cooling cycle, the 
sample was cooled to room temperature for the next heating-cooling cycle. Coloured squares represent the measured rock magnetic curves at corresponding 
heating temperatures. Numbers on the left label the heating-cooling cycles, while the target temperatures are labelled on the right. Black arrows represent 
heating treatments, and grey dashed arrows represent the cooling process when no measurements were made. 
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esult of deuteric oxidation (Fig. 2 b). This produced low-titanium
agnetite particles ( Table S1 ). The Curie temperature near 580 ◦C

rom the temperature dependence of magnetic susceptibility ( к–T )
urves (Fig. 2e) and the Verwey transition near 120 K ( Fig. S6 )
lso indicates that the dominant magnetic carrier within GA 84.6
s magnetite or low-titanium magnetite in agreement with previous
tudies by Wang & Kent ( 2013 , 2021 ). 

After subjecting the specimen to two heating-cooling cycles with
 target temperature of 607 ◦C, the composition and size distri-
ution of iron-oxides in the heated specimen GA 84.6w is nearly
he same as in the GA 84.6u in the BSE image (Figs 2 c, d and
5 ). This consistency suggests that no significant thermochemical
lteration occurred, such as oxidation induced by high-temperature
reatments. This finding is consistent with the reversible heating-
ooling curves of the thermomagnetic experiment for GA 84.6s
Wang & Kent 2013 ) shown in Fig. 2 (g). The minimal changes in
nduced magnetizations suggest that the thermal alterations are pre-
ominantly thermophysical than thermochemical, as evidenced by
he irreversible к–T (Fig. 2 e) and кLF –T curves (Fig. 2 f). 

.1.2 Trac king thermoph ysical alteration using the TRMC method 

e extracted critical hysteresis parameters ( M s , M rs , B c and B cr )
rom the rock magnetic curves obtained during the TRMC exper-
ment ( Fig. S7 ). The M s of GA 84.6v remained constant at each

easured temperature across the different cycles, indicating again
hat no significant thermochemical alteration occurred in the mea-
ured specimen (Fig. 3 a). The M rs , B c and B cr values measured after
eating to target temperatures of 100–400 ◦C (room temperature
easurements in the second to fifth cycles) are all lower than the

nitial values (room temperature measurements in the first cycle,
igs 3 b–d). After the target temperature reached 450 ◦C, M rs and B c 

easured at room temperature (6th cycle) increased by less than 3
er cent compared to the initial value. When the heating tempera-
ure reached 500 ◦C (7th cycle), M rs , B c and B cr measured at room
emperature strongly increased (Figs 3 b–d) and reached a maxi-

um after heating to 550 ◦C (8th cycle), significantly enhancing
he remanence carrying capacity ( M rs ) by 23.6 per cent (Fig. 3 b).
lthough the values of M rs and B c began to decrease after the initial
eating to 575 ◦C (9th cycle), M rs was still enhanced by 17.0 per
ent compared to the initial state in room temperature measurements
Fig. 3 b). After the second heating to 575 ◦C (9th cycle), M rs and B c 

ncreased to 13.1 and 38.7 per cent of the initial v alues, respecti vel y.
The variations in the parameters described above indicate that

hermophysical alteration of the measured specimen occurred
hroughout the heating treatment during the TRMC experiment. For
arget temperatures below 450 ◦C, the measured specimen under-
oes thermophysical alteration involving domain structure changes,
educing the remanence carrying capacity. After GA 84.6v was
eated to 450 ◦C, the M rs and B c began to increase. Severe thermal
lteration occurs after heating to 550 ◦C due to changes in domain
tate (PSD to more SD behaviour), leading to a sharp enhancement
f the remanence carrying capacity . Additionally , room-temperature

LF values exhibit a reduced trend after 400 ◦C heating treatments
 F ig. S8 ), w hich may originate from domain state changes after
igh-temperature heating treatments. 

art/ggae268_f1.eps
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae268#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae268#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae268#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae268#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae268#supplementary-data
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Figure 2. BSE images taken before (‘u’) and after (‘w’) heating specimens of GA 84.6 (a–d). The densely distributed micron-sized titanomagnetite (TM) 
grains typically e xhibit e xtensiv e e xsolution (a). Darker ilmenite divides primary titanomagnetite into brighter iron-rich regions due to deuteric oxidation 
(b). Microscale iron oxide grains are densely dispersed throughout the specimen (b). After high-temperature (607 ◦C) measurements, the magnetic mineral 
composition and particle size distribution in GA 84.6w closely resembled that of GA 84.6u (c, d). (e) κ–T curves (normalized to weight) for GA 84.6 
subsamples. (f) κLF –T curves (normalized to the initial κLF value at room temperature) for GA 84.6w. (g) Thermomagnetic curves for GA 84.6s, with 
magnetization normalized to the initial M s of the fresh specimen. (g) Figure and caption are modified from fig. 3 of Wang & Kent ( 2013 ). 
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Fur ther more, M rs dropped to 10 −7 Am 
2 after the measured 

temperature first reached 550 ◦C in the seventh cycle (Fig. 3 b), 
representing the value of saturation remanent magnetization carried 
by magnetic carriers with Curie temperatures above 550 ◦C in GA 

84.6v. Moreover, we found that M rs and B c remained relati vel y 
constant as the specimen was heated to 550 ◦C for the first (7th 
cycle) to the third (9th cycle) time (Figs 3 b and c), demonstrating 
that the magnetic carriers with high Curie temperatures ( > 550 ◦C) 
have high thermal stability. The variations in hysteresis behaviour 
of bulk specimen GA 84.6v at room temperature resulted from 

thermal alteration of the magnetic carriers with Curie temperatures 
below 550 ◦C. 

We obtained two components (low-coercivity component, LC, 
and high-coercivity component, HC) unmixed from DCD curves 
using skew-normal distribution and CLG distribution models (Figs 
S9 and S10). Fig. 4 shows the critical hysteresis parameters ( B crL , 
B crH , SIRM L %, SIRM H % obtained from the skew-normal model; 
B crL , B crH , SIRM L , SIRM H obtained from the CLG model) of each 
magnetic component contained in GA 84.6v. When the target tem- 
perature was below 500 ◦C, both values of SIRM L and SIRM H 

decreased (Fig. 4 ). Therefore, the reduced remanence of the mea- 
sured specimen in this lower temperature range ( < 500 ◦C) orig- 
inating from domain structure changes in the LC and HC. Con- 
sidering the room temperature SIRM H increases sharply, and the 
value of SIRM H % is enhanced to 70 per cent when the target tem- 
perature exceeds 500 ◦C, we suggest that HC minerals mainly 
dominate the hysteresis properties of the bulk specimen, espe- 
cially after the high-temperature heating process higher than 500 ◦C 

(Fig. 4 ). 
FORC measurements were conducted simultaneously during the 

TRMC experiment. For target temperatures below 450 ◦C, FORC 

diagrams from the first to the fifth cycles displayed a consis- 
tent vertical spread along the B μ-axis and a low-coercivity signal 
(Fig. 5 ), indicating that subtle thermophysical alterations during 
low-temperature heating were not discernible in the FORC dia- 
grams. A slight increase in coercivity was observed after heating 
the specimen to 450 ◦C, resulting in more SSD-like behaviour in 
the FORC diagrams (Fig. 5 ). For target temperatures exceeding 
450 ◦C, FORC diagrams, measured at room temperature, revealed a 
closed-contour peak with e xtensiv e v ertical and horizontal spreads 
(Fig. 5 ). This suggests strong thermal changes, leading to a shift in 
the domain state towards a more SD-like behaviour, as evidenced 
by the rapid movement of hysteresis parameter ratios from the PSD 

to more SD-like behaviour in the Day diagram (Fig. 5 ). 
Consequently, thermophysical alteration is primarily driven by 

changes in the domain structure of the bulk specimen when target 
temperatures remain below 450 ◦C, resulting in a reduced rema- 
nence carrying capacity. Upon reaching a target temperature of 
450 ◦C, the remanence carrying capacities of GA 84.6v start to in- 
crease sharpl y, largel y attributed to the thermal alteration of the HC. 
Moreover, as the measured temperature approached 550 ◦C—near 
the Curie temperature of most meta-stable magnetic particles within 
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Figure 3. Hysteresis parameters ( M s , M rs , B c and B cr ) of specimen GA 84.6v at various temperatures from the TRMC experiment. The Y -axes represent the 
values of M s (a), M rs (b), B c (c) and B cr (d), respecti vel y. The X -axes represent the target temperatures from 100 to 575 ◦C, including nine heating-cooling 
cycles. Measurements were conducted from room temperature up to 575 ◦C during the ninth cycle (the last cycle), after which the specimen was cooled back 
to room temperature for a final measurement, completing the TRMC experiment. Each data point on the series corresponds to hysteresis parameters measured 
from 25 ◦C to a target temperature. Points with the same fill colour were measured at the same temperature in different heating-cooling cycles. 
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Figure 4. (a–d) Unmixing coercivity spectrum using the MAX UnMix web application (Maxbauer et al. 2016 ) based on the skew-normal distribution model. 
(a–d) Hysteresis parameters of the low-coercivity (a, c) and high-coercivity component (b, d) at ele v ated temperatures from the TRMC experiment for every 
100 ◦C. The X -axes represent the target temperature. Y -axes represent the contribution of remanence (SIRM L % & SIRM H %) and remanent coercivity ( B crL 

and B crH ) for the LC (a, c) and the HC (b, d). (e–h) Decomposing coercivity spectrum using the CLG model and extracting critical hysteresis parameters ( B crL , 
B crH, SIRM L and SIRM H ) of the LC (e, g) and HC (f, h). The variations in remanent coercivity of two components from different models during the TRMC 

experiment are comparable, such as room-temperature B crH obtained from skew-normal and CLG models are all reduced when the heating temperatures are 
lower than 500 ◦C (d and h), which indicates that the reliability of the two models for analysing magnetic constituents within GA 84.6v. 
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Figure 5. FORC diagrams for specimen GA 84.6v at ele v ated temperatures during the TRMC experiment. FORC diagrams measured at the same temperature 
are displayed in the same column, ranging from room temperature to 450 ◦C. Each row of FORC diagrams represents FORCs measured across a heating-cooling 
cycle at target temperatures from 100 to 575 ◦C. The software package FORCinel v3.06 (Harrison & Feinberg 2008 ) was used to calculate the FORCs (field 
increment of 2 mT, 201 FORCs) with a smoothing factor of 4. The inset diagram in the top right-hand corner represents the Day plot of GA 84.6v at ele v ated 
temperatures from the TRMC experiment. The different symbols represent the hysteresis parameters measured from different heating-cooling cycles, and 
percentages on the dashed curve represent modelled volumes of the MD contribution to SSD-MD mixing curve #3 (Dunlop 2002 ). The FORC diagrams 
measured at other heating temperatures are shown in Fig. S11 . 

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/239/1/218/7731141 by U

niversity of M
innesota D

epartm
ent of Philosophy user on 13 N

ovem
ber 2024

art/ggae268_f5.eps
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae268#supplementary-data


226 J. Miao and H. Wang 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/239/1/218/7731141 by U

niversity of M
innesota D

epartm
ent of Philosophy user on 13 N

ovem
ber 2024
GA 84.6v—the hysteresis parameters stabilized, indicating the ther- 
mal stability of magnetic carriers with higher Curie temperatures. 

3.2 T her mal alteration analysis for 1915 Mt Lassen 

sample HS 2 

In the historical lava specimens of HS 2, primary titanomagnetite 
exhibits constant near-homogeneous features in the fresh specimen 
(Fig. 6 a) and the after-heated specimen (Fig. 6 b). For another lava 
specimen, HS 2–8C, we extracted critical hysteresis parameters ( M s , 
M rs , B c and B cr ) from rock magnetic curves ( Fig. S12 ) during the 
TRMC experiment to detect thermal changes within the measured 
specimen. Considering changes in the saturation magnetization are 
considered to best detect thermochemical alteration, the temperature 
dependence of M s is shown in Fig. 7 (a). Additionally, the TRMC 

results of the Galapagos lava sample indicated that M rs values are 
valuable markers of variations in the remanence carrying capacity 
and domain state of the measured samples, which should be regarded 
as the most important parameter to analyse. Thus, we prioritized 
establishing the temperature dependence of M rs in Fig. 7 (b). Other 
hysteresis properties ( B c and B cr ) are shown in Fig. S13 . 

Fig. 7 (a) shows that the M s of HS 2–8C remains constant at a 
giv en temperature ov er different heating-cooling c ycles, indicat- 
ing that no significant thermochemical alteration occurred. The M rs 

measured after heating to target temperatures of 100–300 ◦C (room 

temperature measurements made at the second to fourth cycles) are 
relati vel y close to the initial value (Fig. 7 b). When the target temper- 
ature reaches 400 ◦C, the room-temperature M rs (5th cycle) begins 
to increase and reaches a maximum value after the first heating to 
600 ◦C (7th cycle, Fig. 7 b). We determined that specimen HS 2–
8C has remarkable thermal stability for target temperatures below 

400 ◦C. Slight thermal-physical changes occurred in the specimen 
after heating to target temperatures reaching 400 ◦C. The value of 
M rs subsequently increased as a result of domain structure changes, 
weakly enhancing the remanence carrying capacity of HS 2–8C. 
The above thermal change details also lead to relati vel y constant 
values of hysteresis ratios ( M rs / M s , B cr / B c , Fig. 7 c) and room tem-
perature κLF curve ( Fig. S8 ). 

Additionally, we can determine the thermal stability of each 
magnetic component with a distinct Curie temperature in HS 

2–8C by monitoring the difference in properties obtained at 
two adjacent measured temperatures in each cycle, which is de- 
fined as M 

measured temperature 
rs c ycle (Fig. 7 b). For instance, The values 

M 
25 −100 
rs 1st , M 

100 −200 
rs 2nd , M 

200 −300 
rs 3rd and M 

300 −350 
rs 4th remained relati vel y con- 

stant from the first to the seventh cycle, indicating stable remanence 
carrying capacities of magnetic minerals with lower Curie tempera- 
tures (25–350 ◦C). The slightly increased M 

350 −500 
rs values revealed 

that the variation in room temperature remanence resulted from the 
thermal alteration of magnetic minerals with Curie temperatures 
between 350 and 500 ◦C (Fig. 7 b). 

Fig. 7 (d) shows that the fresh specimen has a typical MD FORC 

diagram dominated by a low-coercivity signal with a vertical spread 
along the B μ-axis, with similar distributions in the FORC diagrams 
measured after different cycles (Figs 7 e–h). This consistency indi- 
cates that the weak thermophysical alteration after high tempera- 
tures cannot be detected by FORC diagrams. We also showed all 
the FORC diagrams in Figs S14 and S15. 

In summary, for specimen HS 2–8C, slight thermophysical alter- 
ation occurred when target temperatures reached 400 ◦C, resulting 
in an increased remanence carrying capacity. We also isolated the 
thermal stable magnetic component with the Curie temperatures be- 
tween 25 and 350 ◦C. Based on the above thermal alteration analysis 
for specimens GA 84.6v and HS 2–8C, the TRMC is a powerful 
method that can track the cause and the process of thermal alter- 
ation of bulk specimens and utilizes critical hysteresis properties 
measured at ele v ated temperatures to assess the thermal stability of 
individual magnetic components with different Curie temperatures 
within each specimen. These findings are expected to e v aluate the 
thermal stability of palaeointensity specimens and help palaeoin- 
tensity interpretations, which are less detailed in previous studies. 

4  DISCUSS ION  

4.1 Using the TRMC method to track thermal changes 
for palaeointensity interpretations 

4.1.1 Galapagos lava sample GA 84.6 

To better understand the total thermal changes that occur during 
palaeointensity determinations, we examined the palaeointensity 
results for GA 84.6c (Wang & Kent 2013 ; 2021 ). We found that 
the original Arai diagram displays two-slope behaviour (Fig. 8 a). 
Based on our TRMC results for GA 84.6v, the value of M s remains 
constant at a given measured temperature across the different cy- 
cles (Fig. 3 a), indicating that no significant thermochemical changes 
occurred. The decreases in room temperature remanence and coer- 
civity of GA 84.6v after each target temperature from 100 to 400 ◦C 

indicate that changes in the domain configuration are responsible 
for reducing its remanence carrying capacity (Figs 3 b–d). Addition- 
ally, the Zijder veld diag ram of the specimen GA 84.6b in Fig. 8 (a) 
indicates no significant secondary components in the NRM in the 
100–575 ◦C interval. 

While the hysteresis parameters begin to increase when the target 
temperature hits 450 ◦C, the values of M rs and B c measured at room 

temperature remain relati vel y consistent with the initial state. No 
significant change in domain state occurs until the target temperature 
reaches 500 ◦C (Figs 3 b and c). Based on the original Arai diagram 

of GA 84.6c, the remanence carrying capacity of the measured 
specimen appears relati vel y stable, with a slight reduction after 
heating to temperatures below 500 ◦C. This leads to a decline in the 
pTRM-gaining ability of GA 84.6c in this lower temperature range, 
causing the NRM unblocked to exceed the pTRM imparted by the 
experimental field. This results in an overestimated palaeointensity 
value of 28.33 μT (Fig. 8 a). 

When the target temperature reaches 500 ◦C, a pronounced in- 
crease in M rs at room temperature measurements indicates changes 
in domain states (moving from PSD to more SD-like behaviour). 
This leads to a sharp increase in remanence carrying capac- 
ity (Figs 3 b and 5 ). In the original Thellier-Coe palaeointensity 
measurements, this thermophysical alteration shallower the NRM- 
pTRM slope and underestimated palaeointensity fitting by the high- 
temperature range ( ≥500 ◦C, Fig. 8 a). 

After the original Thellier-Coe experiment, Wang & Kent ( 2021 ) 
developed the RESET method, which involves subjecting a mea- 
sured specimen (GA 84.6c) to a total TRM (tTRM) from the Curie 
temperature in a known laboratory field. The same palaeointensity 
procedure is then repeated (Fig. 8 b), and a corrected Arai diagram 

is created by plotting the NRM remaining against the tTRM un- 
b locking (F ig. 8 c). The thermal changes of the measured specimen 
after the original Thellier-Coe experiment will lead to variations 
in the obtained tTRM unblocking spectrum, which may lead to 

https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae268#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae268#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae268#supplementary-data
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Figure 6. BSE images were taken before (’HS 2a’) and after (’HS 2b’) heating specimens of HS 2. The micron-sized titanomagnetite (TM) grains typically 
exhibit near-homogeneous features (a). There were no notable changes in the composition and size distribution of magnetic minerals after heating near the 
Curie temperature in HS 2b (b). 
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on-linear corrected Arai plots and biased palaeointensities. The
RMC results showed that the M rs of GA 84.6v increased by 13.1
er cent after the second heating to 575 ◦C (Fig. 3 b), which in-
icates that the carrying capacities for remanent magnetization of
he bulk specimen were enhanced. For LC and HC, the remanence
arrying abilities are decreased and increased, respecti vel y, deri ved
rom the significantly increased SIRM H along with a decrease in
IRM L after the second 575 ◦C heating treatments (Figs 4 e and
). Therefore, the enhanced M rs of the bulk specimen originated
rom HC with a thermal altered state, which reduced the ef fecti ve
rain size of magnetic carriers (PSD to more SSD behaviour) to
romote remanence carr ying capacities. Fur ther more, a more than
0 per cent decrease in susceptibility of GA 84.6c after the original
alaeointensity experiment (Wang & Kent 2013 ) also may demon-
trate domain state changes for enhancement of remanence carrying
apacities. 

In the RESET-corrected Arai diagram (Fig. 8 c), The LC min-
rals with lower Curie temperatures ( < 500 ◦C) displayed a reduc-
ion of remanence carrying capacities, leading to the acquisition of
TRM decrease during the tTRM obtained process after the origi-
al Thellier–Coe experiment (Fig. 8 c). This process promotes NRM
emaining to exceed the tTRM unblocking in this temperature in-
ervals (0–500 ◦C) and biased palaeointensity to a higher value of
6.57 μT (Fig. 8 c). The thermal changes sharply enhanced the abil-
ty of HC to record remanent magnetization, such as the pTRM,
hich caused a shallower NRM-tTRM slope in this higher tem-
erature range (500–575 ◦C, Fig. 8 c). Consequently, the corrected
rai plot of GA 84.6c yielded two linear segments with distinct
alaeointensity values (Fig. 8 c), but both were biased by thermo-
hysical alteration. The above findings are consistent with the TRM
locking spectrum of GA 84.6 shown in Wang & Kent ( 2013 ),
hich is mainly manifested as a minor decreased pTRM efficiency

n 300–500 ◦C intervals and a sudden increase in pTRM recording
apability in higher temperature segment (500–550 ◦C). 

We isolated a stable magnetic component with a Curie temper-
ture above 550 ◦C using the TRMC experiment (Fig. 3 b), which
ay preserve a primary TRM. We estimated palaeointensity by fit-

ing the corresponding segments (550–575 ◦C) on the corrected
rai plot and obtained a result of 4.50 μT (Fig. 8 c). Although the
alaeointensity value is consistent with the mean value for site GA-
 (4.23 ± 1.29 μT, Wang & Kent 2013 ), the value may still be
iased because it was obtained by fitting only two data points to
alculate the palaeointensity. 

.1.2 1915 Mt Lassen sample HS 2 

e track the entire sequence of thermal changes in a historical lava
pecimen (HS 2–8C) from Mt Lassen using the TRMC method
o interpret the TRM unblocking spectrum of specimen HS 2–2C
uring palaeointensity experiments. Coe et al. ( 2004 ) collected sam-
les from the 1915 Mt Lassen dacite flow to extract the expected
alaeointensity record using the Thellier method. Their results in-
icated that nonlinear NRM-TRM curves, such as concave and S-
haped, are typical in Arai plots of the 1915 Mt Lassen samples (Coe
t al. 2004 ). Although there is a large deviation in the palaeointensity
 alues deri ved from low-temperature or high-temperature interv als,
he slope calculated by connecting the initial and final data points
rom the Arai plots provided a more accurate average palaeointen-
ity value of 52 μT (Coe et al. 2004 ). For the specimen HS 2–2C,
he slope of the line connecting the endpoints provided a relati vel y
ccurate palaeointensity value of 45 μT (Coe et al. 2004 ). 

Based on our TRMC results for HS 2–8C, a slightly underes-
imated palaeointensity record of HS 2–2C ma y ha ve originated
rom the thermal instability of the measured sample. The increase
n the remanence carrying capacity of the measured specimen after
eating temperatures reached 400 ◦C during the TRMC experiment
5th cycle, Fig. 7 b) led to the NRM being unblocked lower than
he pTRM gained, resulting in a shallower NRM-pTRM slope and
elati vel y biased palaeointensity record of 45 μT (Coe et al. 2004 ).
ur TRMC results indicate that the measured specimen remains

hermally stable when the target temperature is below 400 ◦C. The
emagnetization steps in the Thellier-type experiment show no sig-
ificant secondary components in the NRM (Fig. 8 d). Therefore,
 e ma y derive a more accurate palaeointensity value of 51 μT by
tting the lower-temperature segment ( ≤360 ◦C) from the Arai plot
F ig. 8 d), w hich is closer to the expected field strength (54 μT).

hen the target temperature exceeds 400 ◦C, the increase in M rs 
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Figure 7. (a, b) Critical hysteresis parameters ( M s , M rs ) for specimen HS 2–8C at ele v ated temperatures from the TRMC experiment. The Y -axes represent the 
values of M s (a) and M rs (b). The X -axes represent target temperatures ranging from 100 to 600 ◦C, including seven heating-cooling cycles. The measurements 
were conducted from room temperature to 600 ◦C in the seventh cycle (last cycle), then the specimen was cooled back to room temperature to complete the 
TRMC experiment, during which no measurements were made. The difference in M rs obtained at two adjacent measured temperatures in each cycle is defined 

as M 

measured temperature 
rs cycle , such as the difference in M rs obtained at two adjacent measured temperatures (25 and 100 ◦C) in the first cycle is defined as M 

25 −100 
rs 1st 

(b), which represents a decline of M rs value from 25 ◦C measurements heating to 100 ◦C measurements. (c) Day plot of HS 2–8C at ele v ated temperatures 
from the TRMC experiment. The different symbols represent the hysteresis parameters measured from different heating-cooling cycles, and percentages on 
the dashed curve represent modelled volumes of the MD contribution to SSD-MD mixing curve #3 (Dunlop 2002 ). (d–h) FORC diagrams measured at room 

temperature from different heating-cooling cycles (first cycle and fourth to seventh cycles, respecti vel y). 
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Figure 8. (a and b) Arai plots for GA 84.6c, with figures and captions modified from fig. 10 of Wang & Kent ( 2013 ). In both the original (a) and repeated (b) 
Arai diagrams, the orange line indicates palaeointensity estimates obtained by fitting the lower-temperature segment ( < 500 ◦C), and the green line indicates 
palaeointensity obtained by fitting the higher-temperature range (500–575 ◦C). Grey triangles represent pTRM checks. The inset diagram in the upper right-hand 
corner of (a) shows NRM thermal demagnetization vector diagrams for GA 84.6b. [figures and captions are modified from fig. 11 of Wang & Kent ( 2013 ).] 
Blue-filled data points indicate vector endpoints projected onto the horizontal plane, red-filled data points indicate vector end-points projected onto the vertical 
plane, and numbers adjacent to data points are demagnetization temperatures. The X-axis of (b) is defined as TRM 1 /tTRM, which represents the TRM blocking 
spectrum of GA 84.6c during the repeated Thellier-Coe experiment. (c) The RESET-corrected Arai diagram of GA 84.6c. The orange line represents a linear 
regression from 25 to 500 ◦C, and the green line represents a linear regression from 500 to 575 ◦C. The blue line represents a linear regression from 550 to 
575 ◦C, which may correspond to the thermally stable component with a high Curie temperature (550–575 ◦C) in GA 84.6c. (d) Arai plot for HS 2–2C, with 
figures and captions modified from fig. 6b of Coe et al. ( 2004 ). The orange line indicates palaeointensity estimates obtained by fitting the low-temperature 
segment ( < 390 ◦C), and the green line indicates palaeointensity obtained by fitting the high-temperature range (390–540 ◦C). The blue line represents the slope 
calculated by linking the initial and the final data points from Arai plots. The inset diagram in the upper right corner shows the NRM thermal demagnetization 
vector diagram for HS 2–2C from the Thellier-type experiment. 
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t room temperature due to domain configuration changes leads to
 slight increase in the remanence carrying capacity. In Thellier-
ype palaeointensity measurements, this thermophysical alteration
esults in a shallower NRM-pTRM slope and yields an underesti-
ated value of 47 μT at the high-temperature interval ( ≥390 ◦C,
ig. 8 d). 
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Utilizing the TRMC results to examine the Arai plot, we observed 
that the S-shaped NRM-TRM curve arises from weak thermal- 
physical changes within HS 2–2C at target heating temperatures 
above 400 ◦C. The TRMC experiment comprehensi vel y captures 
the entire thermal alteration of the 1915 Mt Lassen specimen (HS 

2–8C), aiding in interpreting the TRM unblocking spectrum be- 
haviour for specimen HS 2–2C. As MD grains are the primary 
magnetic carrier within the measured specimen, the MD effect 
may also contribute to the non-linear Arai plot and biased cur- 
rent palaeointensity v alue. Howe ver, the thermal changes in the 
measured sample are still a critical factor that cannot be ignored 
when analysing the fidelity of the palaeointensity estimates. There- 
fore, as a powerful method, the TRMC experiment can ef fecti vel y 
identify the entire process of thermal alteration in rock magnetic 
specimens, which can be used to help interpret changes in the TRM 

unblocking spectrum during palaeointensity experiments and to ob- 
tain more accurate palaeointensity estimates from specimens with 
par tial ther mal stability. 

4.2 Assessing the effectiveness of the TRMC method 

Our TRMC experiment conducted hundreds of rock magnetic 
curves, of fering comprehensi ve details about thermal alteration dur- 
ing heating treatment. Rapid hysteresis loop and remanent curve 
measurements yield diagnostic rock magnetic parameters (e.g. M s , 
M rs , B c and B cr ) measured at room temperature and can capture the 
thermal alteration of samples after heating to each target temper- 
ature (Figs 3 , 4 and 7 ). These room temperature outcomes aid in 
e v aluating the thermal stability of measured samples and can help 
us interpret TRM unblocking spectrum shifts (Fig. 8 ). Moreover, the 
TRMC experiment also collected hysteresis properties at ele v ated 
temperatures, revealing changes in the hysteresis behaviour of var- 
ious magnetic carriers with different Curie temperatures (Figs 3 , 4 
and 7 ). Therefore, we can study thermal alteration in each magnetic 
component with different Curie temperatures in measured sam- 
ples and identify thermally stable components, such as those with 
high Curie temperatures ( > 550 ◦C) present in GA 84.6v (Fig. 3 ). 
By providing a method for tracking thermal alteration indepen- 
dent of palaeointensity experiments, the TRMC method can explore 
subtle, unrecognizable thermal alteration processes in less detailed 
palaeointensity measurements, which can help palaeointensity in- 
terpretations (Fig. 8 ). 

Although the pTRM check for Galapagos lava specimen GA 

84.6c passed, this specimen failed to provide a satisfactory palaeoin- 
tensity estimate from the RESET method. In our TRMC experi- 
ments, we traced the thermophysical change details within the mea- 
sured specimen GA 84.6v. These findings were then used to help 
e v aluate the thermal stability and interpret the TRM unblocking 
spectrum in the palaeointensity results for GA 84.6c. Consequently, 
the TRMC method proposed here can assess the thermal stability 
of the rock magnetic specimens during the entire heating treatment, 
which can help us interpret the TRM unblocking spectrum of the 
palaeointensity specimens during the Thellier-type method. 

The CAL check from the RESET palaeointensity experiment 
offers a more robust approach for tracking thermal changes and de- 
tecting alteration by assessing the linearity of the corrected Arai plot 
(Wang & Kent 2021 ). Ho wever , during palaeointensity experiments, 
the CAL check was also blind to those samples with proportional 
thermal changes, leading to a more linear Arai diagram, such as 
in GA 84.6c. Our studies indicate that the corrected Arai plot for 
GA 84.6c yielded two linear segments and distinct palaeointen- 
sity values (Fig. 8 c). Ho wever , both values were biased, caused by 
thermophysical alteration detected by the TRMC experiment. Once 
thermal alteration occurs, the TRMC method will detect it. 

Conventional rock magnetic measurements, conducted before 
and after heating steps, were also used to monitor thermal changes 
in GA 84.6 (Wang & Kent 2021 ) and HS 2 (Coe et al. 2004 ). 
These room-temperature rock magnetic measurements can be used 
to e v aluate the thermal changes in b ulk samples post-heating b ut 
do not address the processes of thermal alteration in magnetic con- 
stituents with different Curie temperatures in a sample. The TRMC 

experiment not only detects the thermal changes in a sample after 
each heating treatment via room temperature measurements but 
also identifies the thermal stability of each mineral component 
with varying Curie temperatures through high-temperature mea- 
surements (Figs 3 , 4 and 7 ). 

4.3 Applications and limitations of the TRMC method 

A potential pitfall in palaeointensity research is over-reliance on 
the linearity of the Arai diagram, especially for non-SD samples. 
This will lead to the thermal changes of samples that escaped in the 
most conventional check methods, resulting in biases in palaeoin- 
tensity estimates. For example, while the original Arai plot of GA 

84.6c contained two linear segments yielding different palaeointen- 
sity values (Fig. 8 a), both were affected by previously undetected 
thermal alteration revealed by our TRMC experiment. We argue 
that such thermal alteration can remain hidden in more linear Arai 
plots. The TRMC method can detect the thermal alteration in detail 
and helps us gain deeper insight into the thermal stability of mea- 
sured samples. It also offers a chance to interpret the variations in 
the TRM unblocking spectrum during palaeointensity experiments 
and assess palaeointensity estimates derived from relati vel y linear 
or dual-slope Arai plots frequently encountered in past studies, such 
as those in the Hawaii glassy volcanic specimen hw 120a4 [fig. 4 of 
Cromwell et al. ( 2018 ), Fig. S16a ], the Pliocene lava sample LT 21–
5-1 from Iceland [fig. 6 of Tanaka & Yamamoto ( 2016 ), Fig. S16b ], 
and late-Quater nar y El Golfo sample EH 22–13A [fig. 5 of Monster 
et al. ( 2018 ), Fig. S16c ]. 

Historical lava samples have been extensi vel y investigated in 
recent decades, such as those from Hawaii (Yamamoto et al. 2003 ; 
Cromwell et al. 2015 ; Grappone et al. 2019 ; Jeong et al. 2021 ), 
Mt Etna (Calvo et al. 2002 ; Biggin & Dekkers 2007 ; de Groot 
et al. 2013 ; de Groot et al. 2014 ) and the Canary Islands (Calvo- 
Rathert et al. 2016 ). Although much effort has been made to utilize 
Thellier-series methods (Herrero-Bervera & Valet 2009 ; Cromwell 
et al. 2015 ; Jeong et al. 2021 ) to recover the palaeointensity values, 
the published palaeointensity determinations of some historical lava 
samples still deviate from the expected field strength. 

de Groot et al. ( 2014 ) utilized magnetic force microscopy (MFM) 
to observe variations in magnetic domain structure in lava samples 
from Mt Etna to investigate the reason for the failure of palaeointen- 
sity estimates, which can be underestimated by nearly 50 per cent 
(Calvo et al. 2002 ; Biggin & Dekkers 2007 ; de Groot et al. 2013 ). 
They found that the domain str ucture star ts to alter after heating 
to 120 ◦C, and the primary domain configurations become almost 
entirely rearranged in their pTRM state after heating to 250 ◦C (de 
Groot et al. 2014 ). A comparable situation exists for palaeointen- 
sity studies of historic lava flows from Hawaii. Cromwell et al. 
( 2015 ) summarized all published palaeointensity results for the 

https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae268#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae268#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae268#supplementary-data
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960 Kilauea lava flow and found that intensity estimates can devi-
te substantially from the expected value. Jeong et al. ( 2021 ) further
howed that thermal alteration undetected by pTRM checks was one
f the leading causes of bias in palaeointensity estimates in the 1960
a waii flo w. Based on previous studies and current understanding
f thermal alteration in the Mt Lassen specimen HS 2–8C, one of
he main reasons for failing to recover the expected field strength is
hermal alteration in historical lava samples (de Groot et al. 2014 ;
rappone et al. 2019 ; Jeong et al. 2021 ). Our TRMC method can

rack the course of thermal changes in rock magnetic specimens,
hich allows researchers to preselect thermally stable samples for
ew palaeointensity studies and understand the behaviour of Arai
lots from previous palaeointensity experiments. 

Although the accuracy of palaeointensity values can be readily
ssessed for historical lava samples based on the expected palaeoin-
ensities, the accuracy of geomagnetic field strength estimates from
ncient rock samples, such as from the Precambrian, can only be sur-
ised from experimental results (Halls et al. 2004 ; Smirnov 2005 ;
mirnov & Evans 2015 ). Therefore, there is an urgent need to de-
elop more methods to assess the thermal stability of pre viousl y
easured samples. The TRMC experiment proposed here can track

he thermal alteration process in detail to preselect thermally stable
amples for palaeointensity studies, thereby increasing success rates
nd helping us e v aluate the fidelity of previous palaeointensity data.

Building on the above discussions, the TRMC method, as a stan-
alone rock magnetic experiment distinct from Thellier-series ex-
eriments, re veals comprehensi ve details of thermal alteration in
ister specimens. Although this information can help us understand
he TRM unblocking spectrum of palaeointensity specimens, the
RMC method also has inherent weaknesses. As a comprehensive

ock magnetic experiment, the TRMC method directly tracks the
hermal changes of sister specimens to suppose the thermal stability
f palaeointensity specimens. Ho wever , rock magnetic sister speci-
ens may not completely represent the properties of the palaeoin-

ensity specimen because a lava flow may not be homogeneous (de
root et al. 2014 ). It is necessary to verify the homogeneity of

ysteresis behaviour among rock magnetic specimens prior to the
RMC and palaeointensity experiment. For example, we conducted
onventional rock magnetic measurements before the TRMC ex-
eriment to verify the consistency in sister specimens of GA 84.6
 Fig. S3 ). 

Among the critical hysteresis parameters, emphasizing analysis
f the M rs is crucial due to its sensitivity to stability in the remanence
arrying capacity of samples during the TRMC experiment (Figs 3 b
nd 7 b). Ho wever , there are very different recording mechanisms
etween M rs (obtained by a saturation field) and TRM (obtained
y a weaker magnetic field, Thellier 1977 ). The variation in M rs 

oes not directly reflect the changes in TRM, which is one of the
otential limitations of the TRMC method. Considering the above
ituation, in our TRMC experiment, we usuall y uncovered v aria-
ions in specimens’ capacity for remanent magnetization using M rs 

hanges. Then, we analyse the reasons for the changes in the M rs 

alue based on variations in the other properties ( M s , B c and B cr ),
uch as the magnetic domain state transition. For example, the mag-
etic domain state of GA 84.6v is more SD behaviour after the
eating temperature reaches 500 ◦C, enhancing its remanence car-
ying capacity. Based on the above discussions, we can deduce the
ariation of the sample’s carrying capacity for TRM, such as GA
4.6v, which has more SD behaviour in the after-heated state, lead-
ng to their increased carrying capacity for TRM. These insights

ay shed light on the thermal stability of the measured samples
nd can help us interpret the variations in the TRM unblocking
pectrum of palaeointensity specimens. Additionally, the TRMC
xperiment could not serve as the only standard for e v aluating the
delity of the palaeointensity estimates currently. It is necessary to
ombine traditional methods based on the TRM unblocking spec-
rum of palaeointensity specimens (Valet 2003 ), such as the pTRM
heck, with the TRMC method, which will help us understand the
ehaviour of the Arai plots more comprehensi vel y and obtain abun-
ant accurate palaeointensities for interpreting the evolution of the
arth’s core dynamo. 
The much longer experimental duration of the TRMC method
a y ha ve led to unpredictable laborator y-induced ther mal changes
ithin the sister specimens, limiting the applicability of the TRMC

xperiments in palaeointensity studies. Therefore, a simplified ex-
erimental TRMC procedure is needed. For specimen HS 2–8C, we
tilized an optimized TRMC procedure to track thermal changes.
e modified the measured temperature intervals from 25 to 50 ◦C

nd selected a target temperature range from 100 to 600 ◦C at 100
C intervals. This entire set of TRMC experiments takes less than
0 hr. Moreover, based on the FORC diagrams of GA 84.6v and HS
–8C obtained during the TRMC experiments (Figs 5 and 7 ), we
etermined that FORC diagrams could not comprehensi vel y detect
hermal alteration during ele v ated heating steps. Considering the
ime-consuming FORC measurements, we only measure FORCs
t critical temperature points to verify thermal alteration resulting
rom domain state changes, reducing the duration of the TRMC ex-
eriment to about 24 hr. Additionally, our TRMC method has great
racking of thermal changes in only two lava samples with titano-

agnetite particles as the magnetic carrier mineral in this study. To
urther verify the ef fecti veness of the TRMC method for palaeoin-
ensity interpretations, we will select more abundant samples for
RMC experiments in future studies. 

 CONCLUS IONS  

n this study, we developed a new comprehensive rock magnetic ex-
eriment, termed TRMC, to assess the thermal stability of measured
amples and interpret palaeointensity results. We measured the rock
agnetic properties of a Galapagos lava sample (GA 84.6) at el-
 v ated temperatures in multiple heating-cooling c ycles, rev ealing
hat thermophysical alteration occurred throughout the treatment
nd led to the two-slope behaviour in the Arai plots for GA 84.6c.
e also tracked the thermal changes in a Mt Lassen sample HS 2

sing the TRMC method to test the viability of the above method.
esults show that the TRMC method can track thermal alteration
etails in HS 2–8C, which allows us to e v aluate the thermal stability
f palaeointensity specimen (HS 2–2C) and helps us interpret the
ariations in the TRM unblocking spectrum during Thellier-series
xperiments. 

The TRMC method utilizes critical hysteresis properties at ele-
ated temperatures on sister specimens to track thermal changes in
ulk samples and individual magnetic components with different
urie temperatures in a sample, which enables accurate palaeoin-

ensity estimates from samples with partial thermal stability and can
e used to help palaeointensity interpretations. The TRMC method
an also be widely used to preselect thermally stable samples in
ew palaeointensity studies to increase success rates. By conduct-
ng TRMC experiments combined with other conventional check

ethods, the entirety cause and the process of thermal changes
ithin measured samples during palaeointensity experiments are

xpected to be revealed further, which facilitates abundant accurate

https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae268#supplementary-data
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palaeointensities to study the behaviour of the geomagnetic field 
and the evolution of the Earth’s core dynamo. 
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Figure S1 . Location map of the GA-X site from Floreana Island 
in the Galapagos Archipelago. (a) Map of Galapagos Archipelago. 
Figures and captions are modified from fig. 2 by Wang et al. ( 2015 ). 
(b) Sites GA-X is on Floreana Island. Our GA 84.6 sampling from 

site GA 84 is indicated by a red circle. Figures and captions are 
modified from fig. 1 of Wang & Kent ( 2013 ). White dots and black 
triangles are sampling sites from previous studies of Rochette et al. 
( 1997 ) and Kent et al. ( 2010 ) that are not discussed in this paper. 

Figure S2. 3-D sketch of the sample cutting strategy and divided 
sister specimens of GA 84.6. The specimens ("i", "s", "t", "u", "v", 
"w") are cut from a 10 mm diameter half-cylinder specimen for 
rock magnetic measurements, cut along the edge of palaeointen- 
sity specimen GA 84.6c (25-mm diameter cylinder, ∼10–15 mm 

height). Another 10-mm diameter cylinder, GA 84.6X, is stored 
for future palaeomagnetic studies. The rest of the 25-mm diameter 
cylinder specimen GA 84.6c has been used for previous palaeoin- 
tensity studies (Wang & Kent 2013, 2021 ). The sample-cutting 
strategy ensures that the rock magnetic specimens closely resemble 
the properties of the palaeointensity specimen. Figures and captions 
are modified from Wang & Kent (2013). 

Figure S3. Homogeneity test for sample GA 84.6. We conducted 
hysteresis loop and remanence curve measurements on sister spec- 
imens ("i", "v", "w", "y") of the measured sample and plotted the 
hysteresis ratios on the Day diagram (a, b). The various GA 84.6 
specimens have similar hysteresis behaviour in their initial state. (b) 
shows a smaller plot area. The percentages on the dashed curve in 
the Day diagrams are modelled volumes of the MD contribution to 
SSD-MD mixing curve #3 (Dunlop 2002 ). 

Figure S4. Lake Shore vibrating sample magnetometer (VSM 

8604) equipped with high-temperature measurement instruments 
for the TRMC experiments. (a) Lake Shore VSM 8604. (b, d) Model 
86-OVEN high-temperature oven. (c) Agilent molecular pump. (e) 
99.99 per cent high-purity inert gas Argon maintains at 80–130 
cc min −1 stream insert to the furnace. 

Figure S5. Back-scattered electron (BSE) images of specimen 
GA 84.6u (a, c) and the after-heated specimen GA 84.6w (b, d). 
Micron-sized iron oxide particles with e xtensiv e e xsolution from 

deuteric oxidation are abundant in the measured specimens. Mag- 
netic mineral compositions and the particle size distribution in GA 

84.6 are similar before and after heating treatment. 
Figure S6 . Low-temperature thermal fluctuation tomography 

(LT-TFT) measurements on a fresh Galapagos lava specimen GA 

84.6v from 10 K ( ∼−263 ◦C) to 320 K (near room temperature) for 
every 10 K. (a) Linear high-field slope corrected hysteresis loops, 
(b) DCD curves, (c) M s , M rs , B c and B cr versus temperature curves 
during heating treatment. (d) Hysteresis parameter ratios in the Day 
plot. Percentages on the dashed curve in (d) are modeled volumes 
of MD contribution to SSD-MD mixing curve #3 (Dunlop 2002 ), 
and the inset shows the contract plot. The Verwey transition point 
around 120 K is represented by a red triangle in (c). 

Figure S7. Thermal rock magnetic cycling (TRMC) results for 
GA 84.6v. Hysteresis loops (top row), DCD curves (second row) 
and Day plots (third row) from room temperature to various target 
temperatures (100 ◦C, 200 ◦C, 300 ◦C, 400 ◦C, 450 ◦C, 500 ◦C, 550 
◦C and 575 ◦C and a repeated 575 ◦C measurement) made every 25 
◦C. After each heating step, samples were cooled to room temper- 
ature, during which no data was collected. The TRMC experiment 
includes nine heating-cooling cycles and measures over 100 sets 
of hysteresis loops and DCD curves. The duration of the whole 
measurement exceeds 300 hr. Differential DCD curves (remanent 
coercivity spectra) for the nine heating-cooling cycles are shown in 
the last row. 

Figure S8. Low-field susceptibility curves for specimens GA 

84.6v (a) and HS 2–8C (b) were obtained from the hysteresis loops 
during the TRMC experiment. The Y -axes represent low-field sus- 
ceptibility measured at room temperature after each heating-cooling 
cycle. Each susceptibility value is normalized to the initial value 
before heating treatments. The X -axes represent the target temper- 
atures of the TRMC method. 

Figure S9. Magnetic coercivity distribution of GA 84.6v during 
the TRMC experiment. The grey circles were coercivity distribu- 
tion data, and the orange curve shows the model fit results. The blue 
and purple curves represent the decomposed two coercivity com- 
ponents of the measured specimen. The blue curves displayed the 
low-coercivity component (LC), and the purple curves displayed 
the high-coercivity component (HC). The above magnetic consti- 
tute unmixed by DCD curves using the skew-normal distribution 
model of the MAX UnMix web application (Maxbauer et al. 2016 ). 

Figure S10. Magnetic coercivity distribution of GA 84.6v during 
the TRMC experiment. The above magnetic constitute unmixed by 
DCD curves using the cumulative log Gaussian distribution model 
(Robertson & France 1994 ; Heslop et al. 2002 ). The red circles 
were coercivity distribution data, and the black curves show the 
model fit results. The red (LC) and oange (HC) curves represent the 
decomposed two coercivity components of the measured specimen. 

Figure S11. FORC diagrams for specimen GA 84.6v at ele v ated 
temperatures during the TRMC experiment. The software package 
FORCinel v3.06 (Harrison & Feinberg 2008 ) was used to calculate 
the FORCs (field increment of 2 mT, 201 FORCs) with a SF of 4. 

Figure S12. Thermal rock magnetic cycling (TRMC) results 
for the specimen HS 2–8C. We measured hysteresis loops (a) and 
DCD curves (b) at ele v ated temperatures from room temperature to 
each target temperature (100 ◦C, 200 ◦C, 300 ◦C, 400 ◦C, 500 ◦C, 
600 ◦C and repeated 600 ◦C) for every 50 ◦C. Then, cool it to room 

https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae268#supplementary-data


TRMC for palaeointensity interpretations 233 

t  

i  

m
 

2  

Y  

r  

s  

f  

t  

t  

 

t  

s  

r  

F  

t
 

t  

F  

t
 

H  

[  

(  

f  

v  

2  

g  

t  

t  

Y  

l  

t  

1  

o  

o
 

8  

m  

m  

a  

o  

(  

m  

m  

t  

p  

i  

p  

E
 

m  

t
a  

s
 

l  

d  

h  

f

 

s  

t  

fi  

D

 

c  

t  

d

C

T

D

T  

l  

a

R

A  

 

 

A  

 

 

B  

 

 

B  

 

B  

 

 

B  

 

B  

 

B  

 

C  

 

 

 

C  

 

C  

 

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/239/1/218/7731141 by U

niversity of M
innesota D

epartm
ent of Philosophy user on 13 N

ovem
ber 2024
emperature and do not collect any data. The TRMC experiment
ncludes seven heating-cooling cycles, and the duration of the whole

easurement is decreased to 80 hr. 
Figure S13. Hysteresis parameters ( B c , B cr ) for specimen HS

–8C at ele v ated temperatures from the TRMC experiment. The
 -axes represent B c (a) and B cr (b) v alues, respecti vel y. The X -axes
epresent target temperatures ranging from 100 to 600 ◦C, including
ev en heating-cooling c ycles. The measurements were conducted
rom room temperature to 600 ◦C in the seventh cycle (last cycle),
hen the specimen was cooled back to room temperature to complete
he TRMC experiment, during which no measurements were made.
Figure S14. FORC diagrams for specimen HS 2–8C at ele v ated

emperatures during the TRMC experiment. FORC diagrams mea-
ured at the same temperature are displayed in the same column,
anging from room temperature to 200 ◦C. The software package
ORCinel v3.06 (Harrison & Feinberg 2008 ) was used to calculate

he FORCs (field increment of 2 mT, 101 FORCs) with a SF of 4. 
Figure S15. FORC diagrams for specimen HS 2–8C at ele v ated

emperatures during the TRMC experiment. The software package
ORCinel v3.06 (Harrison & Feinberg 2008 ) was used to calculate

he FORCs (field increment of 2 mT, 101 FORCs) with a SF of 4. 
Figure S16. (a) The result of IZZI-modified protocols for a

awaii glassy volcanic specimen hw 120a4 (4770 ± 90 yr B.P.)
figures and captions are modified from fig. 4 of Cromwell et al.
2018)]. The orange and green lines represent the linear regression
rom room temperature to 450 ◦C and 450–580 ◦C temperature inter-
 al, respecti vel y. (b) Arai diagram with two linear segments for LT
1-5-1 from the Pliocene lava sequence in Iceland. The orange and
reen lines represent the linear regression from room temperature
o 500 ◦C interval and 500–580 ◦C temperature interval, respec-
i vel y [figures and captions are modified from fig. 6 of Tanaka &
amamato (2016)]. (c) IZZI Thellier results for EH 22-13A from a

ate-Quater nar y El Golfo section (EL Hierro) yield two palaeoin-
ensity estimates (39.4 μT from the lower-temperature segment and
1.2 μT from the high-temperature segment), and both pass the sets
f selection criteria [figures and captions are modified from fig. 5
f Monster et al. (2018)]. 
Table S1. EPMA results of iron oxide minerals in specimen GA

4.6u (the first table). The major component is high-titanium titano-
agnetite (Fe 3–x Ti x O 4 ), with a Ti content below 0.6. Nearly pure
agnetite with x ∼0.06 formed from deuteric oxidation and occurs

s micron-scale particles in the measured specimen. EPMA results
f iron oxide minerals in the after-heating specimen GA 84.6w
the second table). The major component is high-titanium titano-
agnetite (Fe 3–x Ti x O 4 ), with a Ti content below 0.6. Nearly pure
agnetite formed from deuteric oxidation occurs as submicron-

o micron-scale particles. The magnetic mineral composition and
article size distribution of the GA 84.6w at an after-heated state
s similar to that of specimen GA 84.6u, indicating that thermo-
hysical alteration of the measured specimen cannot be detected by
PMA analysis. 
Table S2. Hysteresis parameters ( M s , M rs , B c , B cr ) for speci-

en GA 84.6v measured at ele v ated temperatures during low-
emperature thermal fluctuation tomography (LT-TFT). M s , M rs 

nd B c were determined from high-field slope-corrected hystere-
is loops, and B cr was extracted from DCD curves. 
Table S3 . Hysteresis parameters ( M s , M rs , B c , B cr ) for Galapagos

ava specimen GA 84.6v were measured at ele v ated temperatures
uring the TRMC experiment. M s , M rs and B c were determined from
igh-field slope-corrected hysteresis loops, and B cr was extracted

rom DCD curves.  
Table S4. Hysteresis parameters ( M s , M rs , B c , B cr ) for Mt Lassen
pecimen HS 2–8C were measured at ele v ated temperatures during
he TRMC experiment. M s , M rs and B c were determined from high-
eld slope-corrected hysteresis loops, and B cr was extracted from
CD curves. 
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