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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 C) 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. 

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 (SIRMRT) at 5 K 
intervals from 10 K to 300 K on 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 C and 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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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 Ms 
and Mrs (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 Ms, Mrs, Bc, and Bcr 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 

Fig. 3. Low-temperature magnetic property curves (FC-ZFC, SIRMRT 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 (SIRMRT), 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. 
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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 C, 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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