


1.  Introduction
The geomagnetic field is generated by a self-exciting magnetohydrodynamic system in Earth's core. Systematic 
analysis of geomagnetic field behavior requires not only directional information but also intensity variations. 
Studies of relative paleointensity (RPI) provide information about past geomagnetic field behavior and contrib-
ute to our understanding of the inner workings of the Earth (Tauxe & Yamazaki, 2015). Moreover, RPI changes 

Abstract  Marine sediments can preserve continuous paleomagnetic intensity records. Different magnetic 
minerals may acquire remanent magnetizations differently, so that compositional variations of magnetic mineral 
assemblages in sediments may hinder extraction of reliable relative paleointensity (RPI) records. To better 
understand this issue, we conducted a paleo- and rock magnetic study of a sediment core from the Ontong 
Java Plateau, western equatorial Pacific Ocean. RPI estimated by normalizing natural remanent magnetization 
(NRM) with anhysteretic remanent magnetization (ARM) decreases downcore with an inverse correlation with 
the ratio of ARM susceptibility to saturation isothermal remanent magnetization. This relationship indicates that 
the RPI signal weakens as the proportion of biogenic magnetite increases. The NRM–ARM demagnetization 
diagrams obtained have concave-down curvature. These observations indicate that the RPI recording efficiency 
of the biogenic component is lower than that of the terrigenous component if we assume that the magnetizations 
of the high- and low-coercivity windows are carried dominantly by biogenic and terrigenous components, 
respectively. This assumption is supported by first-order reversal curve measurements, transmission electron 
microscope observations, low-temperature measurements, and extraction of silicate-hosted magnetic inclusions 
from the sediments. Previous studies have suggested that the RPI recording efficiency of biogenic magnetite 
is higher than that of the terrigenous component, which disagrees with our results. Different concentrations of 
silicate-hosted magnetic inclusions in different sedimentary environments might explain this contradiction. We 
conclude that biogenic magnetite contributes to RPI records with lower efficiency than unprotected terrigenous 
magnetic minerals in the studied sediments. Changing biogenic magnetite proportions distort ARM-normalized 
RPI estimations.

Plain Language Summary  Magnetic minerals in marine sediments can preserve variations in the 
intensity of Earth's magnetic field (paleointensity) over geologic time, which is important for understanding 
how the field is generated within Earth's core. Paleointensity can be recorded by magnetic minerals with 
different recording efficiencies, which complicates recovery of reliable paleointensity records from sediments 
that contain different magnetic minerals. Our study of a sediment core from the western equatorial Pacific 
Ocean indicates that it contains two main types of magnetic minerals: biogenic magnetite produced by 
bacteria that align themselves with the Earth's magnetic field, and magnetic minerals produced by weathering 
of terrigenous sediments. The paleointensity record obtained from the sediment core weakens with 
increasing biogenic magnetite abundance in the sediments. We conclude that this biogenic magnetite records 
paleomagnetic intensity less efficiently than terrigenous magnetic minerals, which conflicts with the results 
of previous studies. This contradiction might be explained by differences in the concentrations of magnetic 
minerals embedded in nonmagnetic silicate minerals in our study area compared to those in previous studies.
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recorded in marine sediments provide reference signals for sediment dating that are independent of  conven-
tional marine paleoceanographic proxies, such as the foraminiferal oxygen isotope ratios (δ 18O) (Tauxe & 
Yamazaki, 2015).

Marine sediments can preserve continuous RPI records. In paleomagnetic studies of marine sediments, an approx-
imately linear relationship between the ambient geomagnetic field and the depositional remanent magnetization 
(DRM) intensity is assumed; however, we lack a solid theoretical foundation for the processes by which marine 
sediments acquire DRM. Although there has been considerable effort to understand DRM acquisition mecha-
nisms (Mitra & Tauxe, 2009; Nagata, 1961; Tauxe et al., 2006), credible extraction of absolute geomagnetic field 
magnitudes from marine sediments has not yet been achieved. Moreover, the complexity of the multiple magnetic 
components identified in marine sediments can affect the natural remanent magnetization (NRM) preserved in 
marine sediments (i.e., DRM). Post-depositional processes, including sediment compaction and diagenetic alter-
ation, can also affect NRM (Roberts et al., 2013; Tauxe & Yamazaki, 2015).

An empirical approach for RPI estimation is to use artificial laboratory-induced magnetization to normalize the 
NRM intensity, thus compensating for magnetic mineral concentration variations (Johnson et al., 1948; Levi & 
Banerjee, 1976). Homogeneous magnetic mineralogy and a narrow range of magnetic grain sizes are assessed 
with magnetic hysteresis and bulk rock magnetic parameters to limit nongeomagnetic factors that complicate 
extraction of RPI signals (Ouyang et al., 2014; Roberts et al., 2013; Tauxe, 1993). However, bulk magnetic prop-
erties often fail to identify complexly mixed magnetic-mineral assemblages with different origins and changing 
proportions, which could influence RPI estimation reliability. Terrigenous magnetic minerals have been recog-
nized as paleointensity signal recorders in RPI investigations for decades. Recently, biogenic magnetite and sili-
cate-hosted magnetic inclusions have also been recognized as stable, single-domain (SD) carriers of NRM, and 
their roles in RPI recording have been studied extensively (Amor et al., 2022; Chang et al., 2021; Chang, Roberts, 
et al., 2016; Chen et al., 2017; Hong et al., 2019; Ouyang et al., 2014; Paterson et al., 2013; Roberts et al., 2012; 
Usui & Yamazaki, 2021; Yamazaki, 2008, 2009; Yamazaki et al., 2013; Yamazaki & Solheid, 2011).

Biogenic magnetite, which is biomineralized by magnetotactic bacteria (MTB) in marine and lacustrine environ-
ments, is commonly found as magnetofossils in sediments (Kirschvink, 1982; Roberts et al., 2012; Yamazaki & 
Ikehara, 2012). MTB produce magnetite (or greigite) crystals with well-controlled SD sizes and shapes (Kopp 
& Kirschvink, 2008). The common occurrence of biogenic magnetite in the magnetic-mineral assemblages of 
marine sediments and its contribution to RPI recording have been widely recognized, owing partly to improved 
techniques for decomposing mixed magnetic-mineral assemblages, for example, by using isothermal remanent 
magnetization (IRM) acquisition curves and first-order reversal curve (FORC) diagrams (Egli, 2021; Roberts 
et al., 2012; Yamazaki, 2008, 2009; Yamazaki & Ikehara, 2012).

Silicate-hosted magnetic-mineral inclusions are another candidate for preserving paleomagnetic signals in sedi-
ments (Chang et al., 2021; Chang, Roberts, et al., 2016; Zhang et al., 2018). Host silicate minerals can protect 
magnetic-mineral inclusions from iron- and sulfate-reducing diagenesis, and the inclusions commonly occur as 
fine particles. Thus, paleomagnetic signals can potentially be recorded and preserved by silicate-hosted magnet-
ic-mineral inclusions, even in sediments subjected to reductive diagenesis. However, it has been reported that 
the NRM recording efficiency of magnetic inclusions is lower than that of unprotected terrigenous magnetic 
minerals, partly because the geomagnetic aligning torque on magnetic inclusions is counteracted by the hydro-
dynamic settling force on oversized nonmagnetic host silicates (Chang, Roberts, et al., 2016; Chen et al., 2017; 
Hong et al., 2019). A recent redeposition experiment on silicate-hosted magnetic inclusions further supports this 
idea and reveals that nonlinear field-dependent NRM acquisition is likely attributable to the magnetic moment 
distributions of embedded magnetic inclusions as well as the size and shape of the host-silicate minerals (Chang 
et al., 2021).

The ratio between the anhysteretic remanent magnetization (ARM) susceptibility (kARM) and saturation IRM 
(SIRM) (i.e., kARM/SIRM) is often considered to be a grain-size proxy for magnetic minerals in sediments (Baner-
jee et  al.,  1981; King et  al.,  1982). The strength of magnetostatic interactions among magnetic particles can 
affect this ratio because ARM acquisition efficiency can be influenced significantly by magnetostatic interactions 
(Cisowski, 1981; Sugiura, 1979). Biogenic magnetite can be preserved in sediments in a distinctive chain-like 
alignment; magnetostatic interactions among isolated intact chains are negligible (Kirschvink, 1982; Moskowitz 
et al., 1993; Roberts et al., 2012), although the strength of interactions may increase in multistranded or collapsed 
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biogenic magnetosome chains (Amor et al., 2022). In contrast, terrigenous 
magnetic minerals may have strong magnetostatic interactions because they 
are more likely to form aggregations. Biogenic magnetite is mostly confined 
within a narrow SD range of grain sizes, whereas terrigenous magnetic miner-
als span superparamagnetic (SP) to vortex and/or multidomain (MD) states. 
The presence of larger proportions of biogenic magnetite could thus enhance 
ARM acquisition efficiency by the combined influence of differences in 
grain-size distribution and the strength of magnetostatic interactions, conse-
quently producing a higher kARM/SIRM ratio. Therefore, the kARM/SIRM ratio 
can be a proxy for the abundance of biogenic magnetite relative to terrige-
nous components in magnetic-mineral assemblages, particularly in pelagic 
environments, where the grain-size variability of terrigenous magnetic 
minerals would be small (Egli, 2004; Yamazaki, 2008, 2012; Yamazaki & 
Ikehara,  2012; Yamazaki & Shimono,  2013; Yamazaki & Solheid,  2011). 
A reported correlation between kARM/SIRM and RPI for some sediments 
(Hofmann & Fabian, 2009; Sakuramoto et al., 2017; Yamazaki et al., 2013) 
may be a universal problem whereby compositional variations of sediments 
affect the reliability of RPI estimations. This problem needs to be understood 
and resolved.

In this study, we used a sediment core from the western equatorial Pacific 
Ocean to investigate the influence of compositional variations in sediments 

on RPI estimations. Variable relative proportions of biogenic and terrigenous components in sediments can have 
a considerable influence on the RPI records in sediments (Inoue et al., 2021; Roberts et al., 2012; Yamazaki 
et al., 2013). Some previous studies have suggested that biogenic magnetite acquires RPI more efficiently than 
terrigenous magnetite (Chen et al., 2017; Ouyang et al., 2014). In this study, we sought to further understand how 
magnetic minerals derived from different sources contribute to the remanent magnetization and RPI recording of 
sediments due to different proportions of biogenic and terrigenous components.

2.  Study Materials and Age Model
The samples used in this study were taken from a piston core MR1402-PC4 acquired from the Ontong Java 
Plateau in the western equatorial Pacific Ocean (2°03.00′N, 156°06.48′E; water depth 2,447 m) during the R/V 
Mirai MR14-02 cruise in 2014 (Figure 1). The 13.6-m-long core consists of Quaternary sediments, which are 
expected to provide a continuous Pleistocene geomagnetic record. The site lies above the present carbonate 
compensation depth, which is at a water depth of about 5,250 m in the study area (Valencia, 1973). The predomi-
nant core sediment is light gray to light olive-gray calcareous ooze. Foraminifera and calcareous nannofossils are 
the most abundant sediment constituents, and clay minerals are also common. The sediments experienced moder-
ate to strong bioturbation throughout the core. There is a clear sediment color change from brown to gray about 
20 cm below the sediment-water interface, which indicates the Fe-redox boundary (Yamazaki & Solheid, 2011).

The core was cut into 1-m-long sections and was then split into working and archive halves using a nylon line 
splitting device onboard R/V Mirai. Two rows of discrete samples (7 cm 3 each) were taken continuously from 
the split-core surface in open-ended plastic cubes. One row was for paleomagnetic and rock-magnetic measure-
ments, the other for oxygen-isotope measurements. Immediately after collection the samples were sealed tightly 
to prevent dehydration.

An age model for core MR1402-PC4 was constructed using δ 18O stratigraphy (Figure 2). About 30 specimens of 
the planktonic foraminifera Pulleniatina obliquiloculata were picked from the 355–425 μm size fraction of every 
sample. The foraminiferal shells were gently crushed between two glass plates under the microscope to ensure 
that all chambers were open. The fragments were transferred to acid-cleaned 500 μL polypropylene microtubes. 
After ultrasonication with Milli-Q water and methanol, a small portion of the fragments was used for δ 18O anal-
ysis. Measurements were conducted with a ThermoFisher Scientific MAT253 mass spectrometer connected to 
a Kiel IV carbonate device at the National Museum of Nature and Science, Tsukuba, Japan. Isotope values were 
calibrated using the NBS-19 standard, which was analyzed several times in each run for every 7–8 unknown 

Figure 1.  Location of core MR1402-PC4 in the western equatorial Pacific 
Ocean. Bathymetry and topography data were obtained from the ETOPO1 
Global Relief Model developed by the National Oceanic and Atmospheric 
Administration.
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samples. The standard deviations for all samples were less than 0.06‰ (1σ). The δ 18O curve for P. obliquiloc-
ulata was visually fit to the LR04 benthic δ 18O stack (Lisiecki & Raymo, 2005) at 24 tie points (Figure 2). We 
estimated an average sedimentation rate of approximately 1.4 cm/kyr at the core location.

3.  Methods
Magnetic susceptibility (k) was measured for all discrete samples using a Kappabridge KLY-4S susceptometer. 
NRM was measured and subjected to a stepwise alternating-field (AF) demagnetization at peak fields of 5, 10, 
15, 20, 25, 30, 35, 40, 50, 60, and 80 mT. The measurements were performed on alternate samples (290 in total) 
through core MR1402-PC4 using a pass-through cryogenic magnetometer (Model 760, 2-G Enterprises) at the 
Center for Advanced Marine Core Research (CMCR), Kochi University, Japan. Principal component analysis 
(PCA) (Kirschvink, 1980) was applied to the NRM demagnetization data to extract the characteristic remanent 
magnetization component that reflects the past geomagnetic field direction (Figure 3). A range of 5–10 demag-
netization steps was used for PCA, which was determined by ensuring that the maximum angular deviation 
(MAD) (Kirschvink, 1980) was minimized. Fitting was not anchored to the origin. Results for samples with MAD 
> 10° were discarded. After AF demagnetization of the NRM, an ARM was imparted in a 0.1 mT direct current 
(DC) field with a superimposed decaying AF with a peak field of 80 mT. The ARM was then subjected to step-
wise AF demagnetization at 10, 15, 20, 25, 30, 35, 40, 50, and 60 mT. Next, an IRM was imparted in a 2.5 T DC 
field with a pulse magnetizer (MMPM10, Magnetic Measurements) at CMCR, which is treated here as SIRM. 
The SIRM was then demagnetized using the same stepwise peak AFs as the NRM.

For RPI estimations, we tested both ARM and IRM as normalizers to compensate for variations in sediment 
magnetizability (King et al., 1983; Tauxe, 1993). First, for each sample, we constructed demagnetization diagrams 
between NRM–ARM pairs (Figures 4a–4c) and NRM–IRM pairs (Figures 4d–4f) at corresponding AF demag-
netization steps. Then, we determined best-fit slopes to represent the RPI for each sample for each normalizer. 
The demagnetization interval of each best-fit slope was determined based on the conditions that three or more 
demagnetization steps must be used and that the highest correlation coefficient was chosen (Tauxe et al., 1995; 
Yamazaki & Yamamoto, 2018).

kARM/SIRM was calculated from the ARM and SIRM values obtained for RPI estimations; kARM was calculated 
by normalizing the ARM intensity with the strength of the applied DC field (0.1 mT). To determine the S-ratio, a 
2.5 T IRM was first imparted using the impulse magnetizer. Then, a backfield of 0.3 T was imparted in the direc-
tion opposite to the initial IRM. IRMs were measured using a spinner magnetometer (SMD88, Natsuhara-Giken) 
at CMCR. S-ratios were calculated according to the definition of Bloemendal et al. (1992):

𝑆𝑆−0.3𝑇𝑇 =

(

1 −
IRM−0.3𝑇𝑇

IRM2.5𝑇𝑇

)

∕2.�

FORC measurements were made on five samples selected from core MR1402-PC4 at almost equal depth inter-
vals. An alternating gradient magnetometer (AGM) (Flanders, 1988) (MicroMag 2900, Princeton Measurements 
Corporation) at the Atmosphere and Ocean Research Institute (AORI), The University of Tokyo, was used for 
these measurements. Samples were first dried overnight at room temperature. Then, approximately 10 mg samples 
were attached to the AGM probe using silicon grease. Assuming that the magnetic minerals in our samples are 

Figure 2.  Measured δ 18O values for core MR1402-PC4 (red), which was correlated with the globally stacked LR04 δ 18O 
record (Lisiecki & Raymo, 2005) (gray). Red tick marks on the horizontal axis indicate tie points.
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Figure 3.  (a–d) Examples of stepwise AF demagnetization of NRM for (a, b) the Brunhes Chron, (c) just above the Matuyama–Brunhes polarity boundary, and (d) 
within the Matuyama Chron. Solid symbols are horizontal projections and open symbols are vertical projections of vector end points. N, number of demagnetization 
steps used for PCA; mbsf, meters below seafloor. (e) Variations in relative declination (red) and inclination (blue) of NRM, dashed lines indicate the expected 
geocentric axial dipole field inclination (±4.09°) at the site latitude. (f) MAD values for PCA fits.
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