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ABSTRACT

Geomagnetic excursion events have been widely studied in recent years as a key process for understanding the
evolution of the Earth’s magnetic field. The Santa Rosa geomagnetic excursion (SRE) event during the Matuyama
chron has been globally recorded in sediment sequences and lava flows. Galapagos lavas distributed in near-
equatorial with an *°Ar/*°Ar age of 925.7 + 4.6 ka display absolute paleointensity values of about 14% of the
modern magnetic field, which is a valuable record of the Earth’s magnetic field strength during the SRE event.
However, the above extremely low estimates of paleointensities during the SRE were fitting from higher tem-
perature segments (400 °C-575 °C) from previous paleointensity experiments, which is biased by the thermal
instability of Galapagos lava samples during high-temperature heating treatments. From our comprehensive rock
magnetic experiments in this study, Galapagos lava samples exhibit thermal instability after heating treatments
higher than 400 °C. The severe thermal alteration occurred after the heating temperature reached 500 °C, mainly
manifested as an increase in remanence-carrying capacities, such as the enhanced ability of paleointensity
specimens to record partial thermoremanent magnetization, resulting in underestimated paleointensities during
the SRE. In-depth experiments on rock magnetism and hysteresis parameters analysis provide a powerful method
to detect the thermal instability of lava samples, which can help us confirm the biased geomagnetic field strength
during this short-lived excursion period and prevent misinterpretations of the Earth’s magnetic field evolution
through erroneous low paleointensity records.

1. Introduction

Santa Rosa I rhyolite dome in Valles Caldera, New Mexico (USA) (Doell
and Dalrymple, 1966), with a “°Ar/3?Ar age of 932 ka obtained from

Geomagnetic excursions provide important observations of how
Earth’s magnetic field has evolved (Singer et al., 1999; Singer, 2014;
Balbas et al., 2016; Channell, 2017; Simon et al., 2018). Precise chro-
nologies from marine sediment sequences are the main tool used to
identify magnetic excursion events, which occur throughout the
geological record (Channell et al., 2002; Horng et al., 2002; Singer,
2014; Simon et al., 2018). Moreover, much recent research has focused
on obtaining accurate paleointensity records to reveal further details of
the mechanisms behind these geomagnetic instabilities and deepen our
understanding of core dynamo behavior (Moskowitz et al., 1993; de
Groot et al., 2015; Wang et al., 2015; Bono et al., 2019; Zhou et al.,
2022).

The Santa Rosa excursion (SRE) event was initially identified in the

geochronologic studies (Singer, 2014). Horng et al. (2002) established a
high-quality magnetostratigraphic and oxygen isotope record from
sediments in the western Philippine Sea during the Matuyama Chron
and estimated a calibrated age of 920-925 ka for the SRE interval. The
SRE event was also recorded in sediment cores at Ocean Drilling Pro-
gram (ODP) Sites 983 and 984 in the Iceland Basin (Channell et al.,
2002). Low paleointensity estimates (4.23 & 1.29 uT) and intermediate
virtual geomagnetic poles (VGPs) in samples from the Galapagos GA-X
site (Kent et al., 2010; Wang and Kent, 2013, 2021) helped Balbas
et al. (2016) identify a low-latitude record of the SRE with a new
40Ar/3%Ar age of 925.7 + 4.6 ka for basaltic lava samples from Floreana
Island in the Galapagos Archipelago.

As a significant geomagnetic excursion, the SRE demonstrates the
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millennium-scale instability of the geomagnetic field. However, its
short-lived timespan limits the ability to widely record and recognize
this event in global lava sequences (Channell et al., 2002; Balbas et al.,
2016; Channell, 2017). Channell et al. (2002) provide a short interval of
about 3 kyr during the SRE event based on the higher sediment rates of
ODP cores from the Iceland Basin. Therefore, samples from the Gal-
apagos GA-X site were the rare recorders that provided the magnetic
field strength during the SRE, which is extremely valuable for under-
standing the mechanism of the SRE event and geomagnetic field
evolution.

Thellier-series paleointensity experiments are among the most reli-
able methods for deriving absolute paleointensities (Thellier and Thel-
lier, 1959; Coe, 1967b; Yu and Tauxe, 2005; Wang and Kent, 2013,
2021) and are widely used in studies of the paleomagnetic field. How-
ever, thermally-induced physical and chemical alteration of lava sam-
ples during stepwise heating in Thellier-series experiments (Thellier and
Thellier, 1959) can compromise the fidelity of paleointensity estimates
(Coe, 1967a; Thomas, 1993; Kosterov and Pre vot, 1998; Smirnov and
Tarduno, 2003; Carvallo et al., 2006; Qin et al., 2011; de Groot et al.,
2014a; Kim et al., 2018; Grappone et al., 2021; Wang and Kent, 2021;
Jeong et al., 2021; Tema et al., 2022; Hawkins et al., 2023). Moreover,
conventional methods to detect thermal alteration, such as the widely
used partial thermoremanent magnetization (pTRM) check, has its
inherent weakness (Coe, 1967a; Qin et al., 2011; Wang and Kent, 2013,
2021; Zhao et al., 2014). Coe (1967a) first noted that passing the pTRM
check does not ensure the absence of thermal changes in a sample
because it only detects thermal alteration in magnetic particles with
blocking temperatures below the check temperature, potentially con-
cealing the effect of thermal alteration in paleointensity estimates, even
when pTRM check passed.

Based on the Thellier-series paleointensity experiments, Wang and
Kent (2013, 2021) developed the Repeat thEllier-Series ExperimenT
(RESET) paleointensity method to further analyze the thermal stability
of measured samples and correct the multidomain (MD) effect during
paleointensity experiments. Galapagos lava samples provide an average
paleointensity of 4.23 1.29 T fitting by 400 C 575 C segments in
the previous RESET paleointensity method. However, an investigation
of room-temperature hysteresis behavior in a Galapagos sister specimen
(GA 84.6y) displayed thermal instability during heating steps above
500 C, which was not apparent in the pTRM checks (Wang and Kent,
2021). Moreover, paleointensity estimates from GA-X samples were
derived from linear regressions of high-temperature intervals
(400 C 575 Q) in Arai diagrams. This may have caused the previous
paleointensity estimates for the SRE interval to remain biased by the
thermal instability of Galapagos lavas, which is a serious risk to un-
derstanding the instability of the Earth s magnetic field during excursion
events based on erroneous absolute paleointensity records.

The above discussions promote us to evaluate the thermal stability of
critical lava samples in the Galapagos GA-X site used in previous pale-
ointensity studies (Wang and Kent, 2013, 2021) through comprehensive
rock magnetic experiments to confirm the reliability of paleointensities
from the Santa Rosa geomagnetic excursion. We utilized room-
temperature rock magnetic measurements after multiple heating-
cooling treatments at critical temperatures (400 C and 500 C) for
paleointensity estimates to track thermal alteration in the GA-X site
specimens and assess their thermal stability. We also utilized high-
temperature thermal fluctuation tomography (HT-TFT) for selected
GA-X specimens to characterize their thermal alteration behavior during
heating from room temperature to Curie temperatures. Building on
previous studies, we detected the thermal instability of Galapagos lava
samples and confirmed the underestimates in existing paleointensity
records from previous studies. This critical information can help us
prevent misunderstandings of geomagnetic field behavior during the
short-lived excursion interval and Earth s magnetic field evolution from
erroneous low paleointensities.

Physics of the Earth and Planetary Interiors 354 (2024) 107225

2. Materials and methods

The Galapagos lava samples in the GA-X site (mean Decl 212.7 ;
mean Incl 26.5; A95 5.0 ) from Floreana Island in the near-
equatorial Galapagos Archipelago were collected by Rochette et al.
(1997) (Fig. 1). Each 25-mm-diameter cylindrical GA-X sample was cut
into three specimens (Wang and Kent, 2013). Specimens labeled x
were 10-mm-diameter cylinders drilled from the center part of each
sample for future studies (Wang and Kent, 2013). To ensure internal
consistency, a 10-mm-diameter half-cylinder from the edge of each
sample was crushed into sister specimens (i, s, t, u, v, w
specimens, etc.) for use in rock magnetic experiments (Wang and Kent,
2013). The remaining 25-mm-diameter cylinder, labeled c , and the
GA-Xc specimens were used in previous paleointensity experiments
(Wang and Kent, 2013, 2021). Referring to the rock magnetic results by
Wang and Kent (2013), the magnetic carrier within the Galapagos lavas
is titanomagnetite with non-single-domain (non-SD) magnetic behavior.

A fresh ~20 mg chip (referred to as v specimens) selected from
each rock magnetic specimen (GA 78.2v, GA 78.5v, GA 79.1v, GA 79.4v,
GA 84.1v, GA 85.1v, and GA 85.7v) was used for low-temperature
thermal fluctuation tomography (LT-TFT) to assess the properties and
grain size of fine magnetite particles in the Galapagos lavas. Measure-
ments were conducted on a vibrating sample magnetometer (VSM) from
PMC equipped with a low-temperature cryostat in the Institute for Rock
Magnetism, University of Minnesota. Hysteresis loops and back-field
direct current demagnetization (DCD) curves were measured at cryo-
genic temperatures from 20 K to 320 K in 10 K increments on v
specimens. We also obtained field-cooled and zero-field-cooled
(FC ZFC) remanence warming curves (Moskowitz et al., 1993) as well
as low-temperature demagnetization (LTD) cooling and warming curves
of room temperature saturation isothermal remanence (SIRMgr) at 5 K
intervals from 10 Kto 300 Kon u specimens (GA 78.2u, GA 78.5u, GA
79.1u, GA 79.4u, GA 84.1u, GA 84.6u, GA 85.1u, and GA 85.7u), using a
Quantum Designs magnetic properties measuring system (MPMS) at the
Institute for Rock Magnetism, University of Minnesota. In addition,
back-scattered electron (BSE) imaging was conducted on another
selected specimen, GA 84.6u, to further identify the composition and
size distribution of magnetic carrier minerals within GA-X specimens.
The above BSE imaging was conducted by an electron probe micro-
analyzer at Wuhan Sample Solution Analytical Technology Co., Ltd.,
Wuhan, China. The analysis used the JXA-8230 model from JEOL with a
1 m beam diameter and either 15 kV or 20 kV accelerating voltage.

We selected sister specimens i from 10 Galapagos rock magnetic
specimens, including two from GA 78 (GA 78.2i and GA 78.8i), three
from GA 79 (GA 79.4i, GA 79.5i, and GA 79.8i), three from GA 84 (GA
84.1i, GA 84.3i, and GA 84.6i), and two from GA 85 (GA 85.2i and GA
85.3i) to evaluate the thermal stability in each. Target temperatures of
400 C and 500 C were chosen for our multi-cycle measurements
because similar temperature intervals (400 C 575 C) were used for
paleointensity estimates from the Arai diagrams of GA-Xc specimens
(Wang and Kent, 2013). The measurement procedure consists of five
steps: 1. rock magnetic measurements on fresh specimens; 2. heat
specimens to 400 C followed by cooling to room temperature to mea-
sure rock magnetic curves; 3. repeat the heating-cooling cycle to a target
temperature of 400 C three times, then measure rock magnetic curves
at room temperature; 4. heat specimens to 500 C followed by cooling to
room temperature to measure rock magnetic curves; 5. repeat the
heating-cooling cycle to a target temperature of 500 C three times, then
measure rock magnetic curves at room temperature. The entire set of
measurements for each specimen included eight heating-cooling cycles.

Ten GA-Xi chips were heated to the critical target temperatures
(400 Cand 500 C) in an ASC TD-48 oven. After each heating-cooling
cycle, hysteresis loops, isothermal remanent magnetization (IRM)
acquisition curves, DCD curves, and first-order reversal curves (FORCs)
were measured using an alternating gradient force magnetometer
(AGFM) at the Rutgers Paleomagnetic Laboratory. A maximum field of 1
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Fig. 1. Location map of the GA-X site (GA 78, GA 79, GA 84, and GA 85) from Floreana Island in the Galapagos Archipelago. Figures and captions are modified by
Wang and Kent (2013) and Wang et al. (2015). White dots are sampling sites from previous studies of Rochette et al. (1997) and Kent et al. (2010) that are not

discussed in this paper.

T was applied in all rock magnetic measurements. We also extracted Mg
(saturation magnetization), M;s (remanent magnetization), and B,
(magnetic coercivity) after applying a linear high-field correction above
70% to hysteresis loops, while B, (remanent coercivity) was calibrated
from the DCD curves. To constrain the composition of various magnetic
carriers within GA-X samples, we chose to decompose the measured IRM
acquisition curves using the MAX UnMix web application (Maxbauer
et al.,, 2016) to analyze the coercivity components of the GA-Xi
specimens.

To gain insight into the thermophysicochemical alteration charac-
teristics following specimen heating to near-Curie temperatures, we
conducted high-temperature thermal fluctuation tomography (HT-TFT)
experiments (Jackson et al., 2006). These were performed on fresh ~20
mg chips from four half-cylinders, including GA 78.5, GA 79.1, GA 84.1,
and GA 85.1, to assess the thermal stability of these specimens after
heating to near the Curie temperatures. We labeled these specimens “w”
and used a helium gas atmosphere in all high-temperature VSM mea-
surements. Rock magnetic curves (hysteresis loops and DCD curves)
were measured during heating from room temperature to 607 °C in
20 °C increments. No data was collected during cooling. We then
repeated measurements over the entire room temperature to 607 °C
cycle after the first heating round, which allowed us to compare the
initial and post-heating rock magnetic behaviors of measured
specimens.

3. Results
3.1. Magnetic carriers within Galapagos lava samples

We calculated Mg, My, B¢, and B, values for each specimen from the
rock magnetic curves collected at each low temperature (Fig. 2 and
Figs. S1-S4) during LT-TFT experiments. We noted sharp transitions in
the Mg vs. temperature curves, as well as in the B, and B, vs. temper-
ature curves around 110 K-120 K for specimens GA 79.4v and GA 84.1v
(Fig. 2g, h, i, j). In contrast, GA 78.5v, GA 78.2v, GA 79.1v, GA 85.7v,
and GA 85.1v exhibited smoother changes in B. and B.; with tempera-
ture, and their M curves have a distinct pattern from those of GA 84.1v
(Fig. 2a, b, ¢, d, e, f, k, 1, m, n). Differences in the Verwey transition in
magnetite with different domain states likely cause these different low-
temperature behaviors. The FC-ZFC curves of the GA-Xu specimens also
exhibit a more discrete transition around 120 K (Fig. 3), associated with
the Verwey transition of magnetite. The FC curves are elevated relative
to the ZFC curves, which may indicate the presence of fine magnetite
grains (Fig. 3).

From the back-scattered electron (BSE) imaging of the critical
specimen GA 84.6u shown in Fig. 4, microscale titanomagnetite grains
are contained within the specimen, which commonly exhibits ilmenite
lamellae features with I-III deuteric oxidation stage (Wilson and Wat-
kins, 1967) (Fig. 4). Primary titanomagnetite grains with abundant
ilmenite lamellae are divided into smaller and brighter iron-rich regions
(Fig. 4a-b), which may produce the relative pure magnetite grains with
Verwey transition near 120 K in low-temperature measurements. The
other titanomagnetite particles within specimen GA 84.6u exhibit near-
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Fig. 2. Low-temperature TFT experiments on fresh ~20 mg chips (“v” specimens) from GA 78.5, GA 78.2, GA 79.1, GA 79.4, GA 84.1, GA 85.7, and GA 85.1.
Hysteresis loops and DCD curves were measured at cryogenic temperatures from 20 K to 320 K in 10 K intervals. We calculated hysteresis parameters for each
specimen at each temperature, with Mg and M5 shown in the first and the third columns and B. and B, shown in the second and fourth columns.

homogeneous features (a few ilmenite lamellae) (Fig. 4c—d). Based on
the above results, we indicate that the primary magnetic minerals in
Galapagos lava samples are titanomagnetite or low-titanium titano-
magnetite, which is consistent with the Js-T curves obtained from their

counterpart “s” specimens in previous studies (Wang and Kent, 2013).

3.2. Thermal instability of Galapagos lava samples

3.2.1. Rock magnetic results after multiple heating-cooling cycles

We obtained an additional set of rock magnetic curves (Figs. S5 and
S6) after the heating treatments and compared the initial and post-
heating hysteresis properties (Figs. 5-6 and S7-S8) to assess the ther-
mal stability of the GA-Xi specimens. The GA 84 series specimens (GA
84.1i, GA 84.3i, GA 84.6i), which initially exhibited more SD behavior,
display a decrease in hysteresis parameters (M, B, and B;) after the
first heating to 400 °C (Fig. 5b—-d). After undergoing three heating-
cooling cycles at 400 °C, these hysteresis parameters remained rela-
tively constant (Fig. 5b—d). Following the first heating to 500 °C, the
room-temperature M, and B, values increased strongly and followed an
increasing trend across the three subsequent heating-cooling cycles to
500 °C (Fig. 5b-c). M;s and B, in GA 84 series specimens were particu-
larly sensitive to the higher-temperature heating treatment (Fig. 5b-c),
suggesting that the thermal alteration was related to changes in the

domain configuration. When the heating temperature reaches 500 °C,
changes in M also show evidence of thermochemical alteration within
GA 84 series specimens (Fig. 5a).

Hysteresis parameter ratios of the GA 84 series specimens were
calculated, and the results were plotted on a Day diagram (Fig. 5e).
These ratios shifted slightly toward the MD region after the first heating
to 400 °C and remained constant after three cycles to this temperature.
The first heating to 500 °C resulted in significant shifts in the hysteresis
ratios of the GA 84 series specimens toward the upper left part of the Day
plot (Fig. 5e), indicating a domain state transition from more MD to
more SD behavior in these specimens. Therefore, we determined that a
higher heating temperature has a much stronger effect on the hysteresis
parameters of GA 84, with severe thermal alteration occurring after the
first heating to 500 °C.

The GA 78 series specimens (GA 78.2i and GA 78.8i) exhibited
hysteresis behavior similar to that of the GA 84 series. Hysteresis pa-
rameters relatively change after the first and third heating-cooling cy-
cles to 400 °C (Fig. 5a—d). After the 500 °C heating, Mg and M in GA
78.2i increased significantly (Fig. 5a-b), while the magnetization of GA
78.8i decreased sharply (Fig. 5a-b). After three 500 °C heating-cooling
cycles, the GA 78 series hysteresis parameters (M, My, Bc) continued to
increase (Fig. 5a—c). The initial domain state of GA 78.2 had less SD-like
behavior (Fig. 5e), which exhibited greater thermal changes after the
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Fig. 3. Low-temperature magnetic property curves (FC-ZFC, SIRMgr cooling, and warming) for Galapagos lava specimens (a) GA 78.5u, (b) GA 78.2u, (c) GA 79.1u,
(d) GA 79.4u, (e) GA 84.1u, (f) GA 84.6u, (g) GA 85.7u, and (h) GA 85.1u (Magnetization in arbitrary units). Field-cooled and zero-field cooled (FC ZFC) remanence
warming curves (Moskowitz et al., 1993), as well as low-temperature demagnetization (LTD) cooling and warming curves of room temperature saturation isothermal
remanence (SIRMgr), were measured every 5 K from 10 K to 300 K using a Quantum Designs magnetic properties measuring system (MPMS) in the Institute for Rock

Magnetism, University of Minnesota.

first heating to 500 C (Fig. 5). In addition, the changes in hysteresis
parameters for the GA 78 series are mainly characterized by shifts in M
and M;s (Fig. 5a b), indicating that thermal alteration occurred due to
thermophysicochemical changes from high-temperature heating
treatments.

Differences in the initial hysteresis behavior were observed among

the GA 79 series specimens (GA 79.4i, GA 79.5i, GA 79.8i) (Fig. 6).
Specifically, GA 79.4i, which displayed more SD behavior, experienced
significant changes in M, My, B, and B after each heating-cooling
cycle, indicating that thermal physical and chemical alteration
occurred in this specimen (Fig. 6a d). The hysteresis parameter ratios
for GA 79.4i moved toward the SD region in the Day diagram after the



J. Miao and H. Wang

Physics of the Earth and Planetary Interiors 354 (2024) 107225

Fig. 4. Back-scattered electron (BSE) images were taken in selected GA-X specimen GA 84.6u. (a, ¢) Microscale titanomagnetite (TM) grains within the specimen. (b)
Titanomagnetite with abundant ilmenite lamellae is observed. Darker ilmenite divides primary titanomagnetite into brighter iron-rich regions with dimensions of less
than 10 pm or 1 pm due to deuteric oxidation. (d) Titanomagnetite grain with near homogeneous features (a few ilmenite lamellae features) contained in the
specimen. Based on the definition of the stages in high-temperature oxidation within titanomagnetite from Wilson and Watkins (1967), the dominant phases within

specimen GA 84.6u were recognized as classes I-I11.

initial heating to 500 °C (Fig. 6e). Conversely, GA 79.5i and GA 79.8i
exhibited minor variations in hysteresis properties compared to GA
79.4i throughout the heating treatments. There was a slight change in
M, after first heating to 400 °C (Fig. 6b). An increase in M, My, B, and
B, after heating to 500 °C indicated severe thermal changes (Fig. 6a—d).

In GA 85.3i, which exhibited more MD behavior prior to heating, Mg
remained relatively constant across each measurement step (Fig. 6a).
The other properties (M, B, and B;) of the specimen GA 85.3i were
reduced and enhanced after the initial heatings to 400 °C and 500 °C,
respectively (Fig. 6b—d). In contrast, GA 85.2i showed a marked increase
in Mg and M5 accompanied by a decrease in B, and B, after the initial
heating to 400 °C (Fig. 6a-d). After undergoing three heating-cooling
cycles at 400 °C, Mg and M, decreased. However, when heated to
500 °C, both Mg and M;; increased significantly (Fig. 6a-b), suggesting
that GA 85.2i underwent significant thermochemical alteration during
the high-temperature heating-cooling cycles.

FORC measurements were performed after each heating treatment
for GA-Xi specimens. For the GA 84 series, which initially had more SD
behavior, the FORC diagrams of fresh specimens displayed a broad
spread along B, and retained typical contour shapes after single and
repeated heatings to 400 °C (Fig. 7a-c). However, significant trans-
formations in the FORC diagrams occurred after the first heating to
500 °C, marked by a significant shift in the central ridge and an increase
in the peak of the microcoercivity distribution (Fig. 7a-c). These
changes indicate a transition in the magnetic domain state toward more
SD behavior. These thermal changes were more pronounced after three

heating-cooling cycles to 500 °C (Fig. 7a—c). Therefore, the GA 84 series
specimens experience substantial thermal alteration following the initial
heating to 500 °C, as evidenced by the changes in hysteresis parameters
(Fig. 5). Other specimens exhibiting more SD behavior, such as GA 78.8i
and GA 79.4i, also displayed shifts in the central ridge of the FORC di-
agrams after the first heating to 500 °C, which presents changes in
domain states (Fig. 7d-e), similar to the GA 84 series.

In contrast, the GA-Xi specimens with mainly MD behavior (GA
78.2i, GA 79.5i, GA 79.8i, GA 85.2i, and GA 85.3i) had FORC diagrams
that retained diverging contour patterns without visible evidence of
thermal alteration after heating to different target temperatures (Fig. 8).
Based on the changes in hysteresis parameters and the thermal behavior
of each specimen, as determined from the rock magnetic properties
(Figs. 5 and 6), it appears that the FORC diagrams have limited ability to
detect thermal alteration that does not involve domain state changes,
such as the thermochemical changes that occurred after heating to
400 °C in GA 85.2i (Fig. 6).

Among the ten selected GA-Xi specimens, the IRM acquisition curves
of five specimens (more SD behavior: GA 79.4i, GA 84.1i, and GA 84.3i;
mainly MD behavior: GA 79.5i and GA 79.8i) before and after heatings
were decomposed into two coercivity components (a high-coercivity
component (HC) and a low-coercivity component (LC)) using the MAX
UnMix web application (Maxbauer et al., 2016). Fig. S9 shows the
coercivity spectrum and component analysis for GA 79.5i and GA 84.3i
after each heating treatment. The remaining five specimens could not be
successfully unmixed into multiple constituent components, possibly
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at which half of the saturation IRM is acquired), and analyzed the
contribution of the remanence of each constituent component from the
coercivity spectra (Fig. 9). For more SD specimens (GA 79.4i, GA 84.1i,

due to overlapping coercivity spectra of the magnetic carriers they
contain.
We also extracted critical parameters, such as By /3 (the applied field
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and GA 84.3i), the By, of the HC significantly decreased after the first
heatings to 400 °C and 500 °C (Fig. 9a), while the contribution of HC to
the SIRM exceeded 50% after three 500 °C heating-cooling cycles
(Fig. 9b). These variations in the above properties suggest that the
hysteresis behavior of the more SD specimens was predominantly
influenced by the HC component after high-temperature heating steps.
B; /5 of the HC in more MD specimens (GA 79.5i and GA 79.8i) exhibited
weak changes after heating treatments (Fig. 9¢), while the LC demon-
strated higher thermal stability through constant B; 5 values of the LC
before and after each heating step (Fig. 9¢). The contribution of the HC
to the bulk specimen remanence remained around 75% (Fig. 9d), indi-
cating that the HC dominated the hysteresis behavior in the bulk
specimens.

3.2.2. High-temperature thermal fluctuation tomography experiments

To gain insight into the thermal stability of measured specimens after
heating to near-Curie temperatures, we conducted HT-TFT experiments
(Jackson et al., 2006), which allowed us to calculate several critical
parameters from the rock magnetic curves (Figs. S10-S13). Fig. 10
shows the Mg, My, B, and B, values for each specimen at elevated
temperatures. In the repeated measurements (red curves), the M curves
of GA 84.1w and GA 85.1w remained relatively consistent among the
original and repeated experiments (Fig. 10e, g). A significant increase in
the M, B, and B, curves for these specimens (Fig. 10e-h) indicates that
thermal alteration in GA 84.1w and GA 85.1w is more thermophysical

than thermochemical. This interpretation is based on the domain-state
dependence of M;s, B, and B, in magnetic particles with a given M;.
These observations in GA 84.1w are consistent with our conclusion that
the domain state transitioned to more SD behavior and that the rema-
nence carrying capacity increased in this specimen after high-
temperature heating treatments (Figs. 5 and 7). After initial heating to
near Curie temperature (607 °C), the M; curves of other specimens (GA
78.5w and GA 79.1w) decreased, with elevated M, curves in repeated
experiments (Fig. 10a, ¢). This indicates that thermochemical changes
occurred during high-temperature heating, enhancing the remanence
carrying capacities of these specimens.

In summary, the selected Galapagos lava specimens exhibit thermal
instability after heating to 400 °C, obtained from multiple heating-
cooling cycle measurements (Figs. 5-7 and S14). From multi-cycles
and HT-TFT results, we obtained severe thermal changes that occurred
when the heating temperature reached 500 °C, mainly leading to
enhanced remanence carrying capacities (Figs. 5-7, 10, and S14). The
GA 78 series specimens underwent substantial thermochemical changes
after the initial heating to 500 °C (Fig. 5). Specimens GA 79.4 and GA
85.2 experienced thermo-chemical alteration at a target temperature of
400 °C (Fig. 6). Severe thermophysicochemical changes in specimens GA
84 series were mainly characterized by a reduction in effective ferro-
magnetic grain size after heating above 500 °C (Figs. 5, 7, 10). Hysteresis
properties of specimens GA 79.5, GA 79.8, and GA 85.3 decreased
relatively below 500 °C and increased in My, B, and B, upon heating to
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500 °C (Figs. 6, 10).

4. Discussion

4.1. Underestimation of paleointensity records during SRE event

Based on the comprehensive rock magnetic measurements described
above, the thermal changes of GA-X samples that occurred after the
heating steps at critical temperatures (400 °C, 500 °C, and 607 °C) may
result in biased paleointensity estimates calculated from the above
critical temperature intervals (400 °C-575 °C). Therefore, we attempt to
utilize the thermal instability of these samples to analyze and discuss the
reliability of their paleointensities from previous RESET methods (Wang
and Kent, 2013, 2021). In order to correct the non-linear Arai plot
caused by the lack of reciprocity of MD grains, the RESET method
subjects measured specimens to a total thermoremanent magnetization
(tTRM) from the Curie temperature in a known laboratory field after the
original Thellier-Coe experiment. Then, the same paleointensity pro-
cedure is repeated, and a corrected Arai diagram is obtained by plotting
the natural remanent magnetization (NRM) remaining (unblocking)
against the tTRM unblocking (Wang and Kent, 2013, 2021).

In order to interpret and understand the paleointensity results of
Galapagos lavas, we display hysteresis parameter M, after critical

temperature heating steps combined with original Arai plots with
similar two-slope behavior of GA 84 and GA 79 series specimens, which
are shown in Fig. 11. For the GA 84 series specimens with more SD
behavior, there was a slight decrease in M;s after the first 400 °C heating
and a sharp increase in M, after heating above 500 °C (Fig. 11a). The
two-slope behavior Arai plots of GA 84 series specimens are mainly
attributed to thermal changes in the specimens during the paleointensity
experiment (Fig. 11b and Fig. S15a-b). For heating temperatures below
500 °C, changes in magnetic domain state lead to decreased remanence-
carrying capacity for remanent magnetization, which reduces the
acquisition of partial thermoremanent magnetization, resulting in
overestimated paleointensity values in this temperature interval
(Fig. 11b and Fig. S15a-b). As the heating temperature reaches 500 °C, a
significant enhancement in M, increases microcoercivity and TRM
carrying efficiency, leading to shallower NRM-pTRM slopes in the
higher-temperature range (500 °C-575 °C) (Fig. 11a-b). A similar sit-
uation occurred in the GA 79 series specimens, but they displayed more
thermal stability than the GA 84 series (Fig. 11c~d and Fig. S15c~d).
For the GA 78.2i specimen, thermochemical changes occurred
following heating treatments first at 400 °C and 500 °C (Fig. 12a), which
enhanced the remanence carrying capacities and resulted in the biased
to low value from the high-temperature segment (400 °C-575 °C) in the
original Arai plot of specimen GA 78.2c (Fig. 12b). Conversely, the
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reduced values of M;s after 400 °C and 500 °C heating steps lead to
decreased carrying capacities for remanence of GA 78.8i, which over-
estimated paleointensity value fitting by 400 °C-575 °C intervals
(Fig. 12c). Specimen GA 85.2i showed increases in Mg and M, after
initial heatings to 400 °C and 500 °C, enhancing its ability to acquire
pTRM in paleointensity experiments (Fig. 12d). These changes
decreased the slope of the Arai diagram and potentially caused the
paleointensity from the 400 °C-575 °C interval to be underestimated
(Fig. 12e). Moreover, the decrease in M, after initial heating to 400 °C
and increased at 500 °C for specimen GA 85.3i, leading to a two-slope
Arai plot and underestimating paleointensity value from the high-
temperature segment (Fig. 12f).

In summary, the in-depth experiments on rock magnetism and
analysis of hysteresis parameters for Galapagos lava samples determined
that the thermal instability primarily accounts for the behavior of Arai
diagrams of GA-Xc specimens and biased paleointensities (Figs. 11, 12,
S14). For two-slope Arai diagrams, heating steps below 500 °C decrease
the remanent magnetization-carrying capacity of the samples. In
contrast, heating treatment above 500 °C markedly increases the sam-
ples’ ability to record remanent magnetization, leading to under-
estimating paleointensities by fitting high-temperature intervals from
original Arai diagrams. The capacity to carry remanence is enhanced for
most GA-X lava samples due to heating at temperatures exceeding 500
°C, which promotes the sample’s capacity to obtain tTRM in repeated
Thellier-Coe experiments and results in an erroneous low estimation of
paleointensities from the RESET corrected Arai plots.

10

Although the Galapagos lava samples are valuable recorders that
provide the opportunity for paleointensity studies during a short-lived
geomagnetic excursion event (SRE) from a near-equator region, the
thermal instability of measured samples biased the strength of the
Earth’s magnetic field and the extremely low paleointensities obtained
from Wang and Kent (2013; 2015) are underestimated. Therefore, in
further studies, we will attempt to collect more lava samples from the
Galapagos GA-X site and select thermal stability lavas to reveal the
mechanism of the geomagnetic field behavior during the SRE through
accurate paleointensity determinations.

4.2. The strengths of rock magnetic methods for thermal change
detections and paleointensity interpretations

In our detailed rock magnetic experiments, we obtain critical hys-
teresis properties at ambient and elevated temperatures to detect the
thermal alteration within the measured specimens and reveal the sour-
ces of these changes (Figs. 5, 6, 9, 10). These hysteresis parameters (e.g.,
M, My, and B.) are crucial indicators of thermochemical alteration,
fluctuations in the remanence carrying capacity, and changes in domain
states in measured samples. We detect the thermal instability in each
GA-X specimen when heated to 400 °C, due to changes in hysteresis
parameters after multiple heating-cooling cycles (Figs. 5, 6, S14). For
instance, the reduction in hysteresis parameters (M;s, B¢, and B;) in GA
84 series specimens following initial heating to 400 °C demonstrates the
thermophysical alteration in these specimens (Fig. 5). The severe
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Fig. 10. Temperature-dependent hysteresis measurements from room temperature to ~600 °C. (a, ¢, e, g) M;s and M curves; (b, d, f, h) B, and B, curves for
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thermal changes occurred when the heating temperature reached
500 °C, primarily evident in elevated M, values of GA-X specimens,
indicating increased remanence-carrying capacities (Figs. 5, 6, S14),
such as the increased Mg and M, values of specimen GA 78.2i (Fig. 5).
The HT-TFT experiments revealed that thermal alteration occurred after
607 °C heating steps, primarily enhancing the carrying capacities for
remanent magnetizations (Fig. 10 and Fig. S14). For example, after
initial heating to near Curie temperature, the thermophysical alteration
was observed in specimen GA 84.1w obtained from enhanced M, B,

11

and B, values (Fig. 10). Therefore, the critical hysteresis properties, as
the powerful thermal change indicators, recognized the thermal insta-
bility of Galapagos lava samples after heating treatments higher than
400 °C and revealed the sources of these thermal changes (Figs. 5, 6, 10,
S14).

A strength of our rock magnetic methods for paleointensity evalua-
tions is attributed to the focus on hysteresis parameters variations after
heating steps at critical temperatures (400 °C, 500 °C, 607 °C), which
were derived from the temperature segments (400 °C-575 °C) to
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Fig. 11. Hysteresis parameters analysis for paleointensity interpretations with two-slope Arai plots. (a, ¢) Critical hysteresis parameter M, for GA 84 (red points) and
GA 79 (green points) series specimens were measured at room temperature after each critical multi-heating-cooling treatment (400 °C, 500 °C) on “i” specimens. The
HT-TFT experiments for “w” specimens provide the value of M, after ~600 °C heating treatments. M, B., and B, vs. critical temperature curves are exhibited in
Fig. S7. Hysteresis parameters are normalized to the initial room temperature value before the heating steps (such as M;s). (b, d) Two-slope Arai plots for specimens
GA 84.1c and GA 79.4c, with figures and captions modified from Wang and Kent, 2013. Similar behavior Arai plots for the other four specimens, GA 84.3c, GA 84.6c,
GA 79.5¢, and GA 79.8c, are shown in Fig. S15. In Arai diagrams, the orange line indicates paleointensity estimates obtained by fitting the segment of 400 °C-500 °C,
and the green line indicates paleointensity obtained by fitting the higher-temperature data (500 °C-575 °C). Grey triangles represent pTRM checks. The inset in each
Arai diagram shows the NRM thermal demagnetization vector diagrams for “b” specimens (modified from Wang and Kent (2013)). Blue points indicate vector end-
points projected onto the horizontal plane, red points indicate vector end-points projected onto the vertical plane, and numbers adjacent to data points are
demagnetization temperatures. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

determine the GA-X samples’ paleointensities in previous studies. By
scrutinizing the hysteresis parameters above, the thermal instability of
samples after heating steps from 400 °C was precisely determined,
leading us to confirm that thermal changes have biased the current
paleointensities fitting by higher temperature segments, including from
400 °C to ~600 °C (Figs. 11 and 12). Furthermore, the susceptibilities
measurements for Galapagos paleointensity specimens (GA-Xc) also
demonstrated the thermal instability exhibited by 400 °C heating
treatment, which displayed a reduced trend from 400 °C and a 20-40%
decrease in susceptibility after first heating to 575 °C in the original
paleointensity experiment (Fig. S16) (Wang and Kent, 2013). Compared
to detailed rock magnetic experiments, susceptibilities measurements
can be easier to indicate magnetic carriers’ alteration of GA-Xc speci-
mens at which temperature, but understanding the process and source of
thermal alteration needs to be combined with critical hysteresis prop-
erties analysis from detailed rock magnetic experiments (Figs. 11, 12,
S14).

The rock magnetic methods also provide another efficient detection
method to recognize the thermal instability of samples during paleo-
intensity experiments, which may have been hidden in conventional
check methods, such as the thermal changes of GA 84.6¢ hidden in
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passed pTRM checks (Fig. 11a and Fig. S15b). This is a potential risk that
the paleointensity estimates might be biased due to the thermal alter-
ation of the above specimens, which results in the current underesti-
mation of paleointensities from GA-X lavas during the SRE interval.
Therefore, rock magnetic methods independent of paleointensity ex-
periments for evaluating the thermal stability of samples are extremely
important, which help to select suitable paleointensity samples com-
bined with conventional check methods to obtain high-fidelity paleo-
intensity estimates.

Analyzing rock magnetic results to evaluate thermal stability
enabled us to interpret paleointensities thoroughly. As an illustration,
the GA 84 series specimens’ two-slope Arai diagrams primarily originate
from various thermal alterations triggered by differing heating tem-
peratures, where experiments below 500 °C lead to a reduced capacity
for remanent magnetization, and when heated to 500 °C or above,
remanent magnetization carrying capacity enhanced (Fig. 11a-b).
Although non-ideal Arai diagrams could stem from multiple causes in
practical experiments, such as multidomain (MD) effects (e.g., Riisager
and Riisager, 2001; Xu and Dunlop, 2004; Biggin, 2006; Shaar et al.,
2011; Wang and Kent, 2013; Smirnov et al., 2017), and thermochemical
remanent magnetization (TCRM) production in the laboratory heating
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Fig. 12. Hysteresis parameters analysis for paleointensity interpretations. (a, d) Normalized critical hysteresis parameter (normalized to the M) for GA 78 (blue
points) and GA 85 (purple points) series specimens were measured at room temperature after heatings at 400 °C, 500 °C, ~600 °C. M;, B, and B, vs. critical
temperature curves are exhibited in Fig. S7. Arai plots for specimens GA 78 (b, ¢) and GA 85 (e, ), with figures and captions modified from Wang and Kent (2013). In
Arai diagrams, the green line indicates paleointensity obtained by fitting the temperature interval from 400 °C to 575 °C. Grey triangles represent pTRM checks. The
inset in each Arai diagram shows the NRM thermal demagnetization vector diagrams for “b” specimens (modified from Wang and Kent (2013)). Blue points indicate
vector end-points projected onto the horizontal plane, red points indicate vector end-points projected onto the vertical plane, and numbers adjacent to data points are
demagnetization temperatures. For specimen GA 85.3i, the hysteresis behavior was similar to GA 79 and GA 84, which exhibited the two-slope Arai plots (the orange
line indicates paleointensity estimates obtained by fitting from 400 °C-500 °C, and the green line indicates paleointensity obtained by fitting the higher-temperature
data (500 °C-575 °C)). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

steps or initial cooling process (Yamamoto et al., 2003), the thermal
changes of samples stand out as a critical element that demands atten-
tion. Consequently, an in-depth analysis of rock magnetism for
measured samples can aid in detecting the thermal changes of measured
samples, which can help us assess the reliability of obtained paleo-
intensity estimates.

In addition, some Galapagos lava samples maintain thermal stability
under experimentally appropriate high-temperature heating treatments.
For example, the specimen GA 79.5i retains relative thermal stability
when the heating steps reach 400 °C (Fig. 6a-b). Therefore, we consid-
ered that the appropriate temperature heating steps set would guide the
improvement of paleointensity experimental procedures. Future studies
should identify the critical temperatures at which the sample remains
thermally stable, as obtained from detailed rock magnetic results after
successive heating steps. Secondly, adjusting the maximum heating
temperature from the Curie temperature to a lower critical target tem-
perature during the paleointensity experiments to prevent thermal
changes in samples and highlight the ideal behavior of the TRM spec-
trum at low temperatures (Coe, 1967a), which improves the success rate
of paleointensity experiments. However, the remanent magnetization
components with lower blocking temperatures often carry secondary
remanent magnetization, especially in ancient rock samples. As a result,
detailed analysis of the intrinsic characteristics of the measured samples,
such as the age of lava samples, remanent magnetization components
contained, magnetic carriers, and thermal stability of samples, are
crucial in guiding the improvement of paleointensity experimental
procedures.

Finally, our detailed rock magnetic measurements are not without
limitations. Heavy complementary rock magnetic experiments,
including multiple heating-cooling cycles and HT-TFT experiments, will
lead to an additional experimental time of about several hours for each
specimen. It is necessary to optimize experimental steps in further
studies. Considering the low sensitivity and time-consuming of the
FORC measurements for detecting thermal changes, in practical exper-
iments, the hysteresis loops and remanent magnetization curves can
provide a sufficient description for assessing the samples’ thermal sta-
bility, which will reduce the measured time. There is a potential risk in
detecting thermal changes within paleointensity specimens through
rock magnetic measurements on sister specimens because a lava flow is
not perfectly homogeneous (de Groot et al., 2014b). Based on suscep-
tibilities measurements and comprehensive rock magnetic experiments,
we observe comparable rock magnetic behaviors between GA-Xc and
rock magnetic specimens, such as the susceptibilities and hysteresis
properties changes after heating to 400 °C, indicating the relative in-
ternal consistency among GA-X specimens. Thus, the rock magnetic
behavior of sister specimens from each Galapagos lava sample can
demonstrate the hysteresis behavior of the paleointensity specimen (GA-
Xc). In summary, a detailed rock magnetic experimental procedure
(Fig. S14) should be used to evaluate the fidelity of previous paleo-
intensity records during critical geohistorical intervals, such as the
geomagnetic excursion event, which will help us to understand the
Earth’s magnetic field evolution. For new paleofield studies, it is
necessary to preselect lava samples with thermal stability and set
appropriate maximum target temperatures to improve paleointensity
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procedures and success rate.
5. Conclusions

Through comprehensive rock magnetic experiments and detailed
analysis of hysteresis properties after multiple heating treatments at
critical temperatures (400 C, 500 C, and 607 C), we confirm the
thermal instability of Galapagos lava samples to remove extremely low
paleointensities from accurate records during the SRE event. We iden-
tified the sources of thermal alteration and noted the thermal instability
of GA-X samples after heating to 400 C. When the heating temperature
was higher than 500 G, significant thermal changes occurred, which led
to increased remanence-carrying capacities and shallower the slope of
Arai diagrams. These above critical findings confirm that the extremely
low values of paleofield strength during the SRE recorded in Galapagos
lava flows are underestimated. Consequently, in-depth analysis of rock
magnetic results can evaluate the fidelity of current paleointensity es-
timates, and future paleomagnetism research can benefit from rock
magnetic experiments for sample preselecting to refine experimental
procedures for paleofield strength determinations. Additionally, we will
select thermal stability lava samples from worldwide to obtain paleo-
field strength records during SRE and reveal the ability of the Earth s
magnetic field to change on millennial scales in future studies.
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