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Abstract Progress of relative paleointensity (RPI) estimations using marine sediments has greatly
contributed to better understanding of the behavior of the past geomagnetic field. To enhance further

the reliability of RPI estimations, we must overcome the problem that climatically induced variations

of magnetic-mineral assemblages in sediments may influence RPI records. Two major constituents of
magnetic-mineral assemblages in marine sediments are magnetofossils and detrital magnetic minerals, and

the latter consists of silicate-hosted magnetic inclusions and unprotected magnetic minerals. It is necessary to
understand different RPI recording efficiencies among those constituents to tackle the problem, but previous
evaluations were inconclusive. We studied this issue using a sediment core taken from the southeast Pacific
Ocean. Rock-magnetic investigations revealed that the magnetic mineral assemblage of this core during

the last ~900 Kyr is a mixture of low-coercivity magnetofossils and middle-coercivity detrital unprotected
partially oxidized magnetite. Natural remanent magnetization versus isothermal remanent magnetization
demagnetization diagram showed strong convex curvature, and RPI signals carried by the two components
could be separated by calculating RPI from the gradients of 20—40 and 70-160 mT segments. We confirmed
that RPI recording efficiency of magnetofossils is lower than that of detrital unprotected magnetites/
maghemites. Because of the marginal overlap between the coercivity ranges of the two components, changes in
their relative abundance do not influence RPI estimations. This condition is ideal for RPI estimations, and the
resulted RPI curve closely coincides with that of the PISO-1500 stack despite changes in the relative abundance
of the two components.

Plain Language Summary Marine sediments potentially preserve records of geomagnetic field
intensity variations in the past (paleointensity), which may be important for life on the Earth to shield influx of
high-energy particles from the universe. A serious problem recognized by previous studies is that paleointensity
records from sediments sometimes include artificial changes induced by sediment lithology changes reflecting
varying depositional environments. Two major constituents of magnetic minerals in sediments, which records
paleointensity variations, are magnetites produced by magnetotactic bacteria, called magnetofossils, and
inorganic magnetic minerals originated from weathering of rocks on land or materials of volcanic eruptions.
Our study using a sediment core taken from the southeast Pacific Ocean revealed that magnetofossils yield
lower paleointensity values than inorganic magnetic minerals. This implies that temporal changes in the
relative abundance of magnetofossils and inorganic magnetic minerals in sediments may cause the artificial
paleointensity variations. We could obtain a reliable paleointensity record from the studied sediments by
evaluating separately the magnetizations carried by the two magnetic-mineral components, which utilized the
observations that the two magnetic-mineral components have different resistance to an external magnetic field.

1. Introduction

Progress of relative paleointensity (RPI) estimations using marine sediments have greatly contributed to better
understanding of the behavior of the geomagnetic field in the past and relating dynamics of the Earth's core.
Examples of the achievement of RPI estimations are the establishment of the global RPI stacks such as the
Sint-2000 stack for the last 2 Myr (Valet et al., 2005) and the PISO-1500 stack for the last 1.5 Myr (Channell
et al., 2009). For older ages, global RPI stacks have not yet been established, but the number of RPI curves
reported is increasing (Ohneiser et al., 2013; Tauxe & Hartl, 1997; Yamamoto et al., 2014, 2022; Yamazaki
& Yamamoto, 2018). On the other hand, limitations of the current RPI estimations are widely recognized. A
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significant problem is that climatically induced variations of magnetic-mineral assemblages in sediments may
influence RPI records, in what is known as climatic contamination (Valet et al., 2011; Xuan & Channell, 2008;
Yamazaki et al., 2013). For enhancing reliability of RPI estimations, this problem needs to be understood thor-
oughly, and then a solution should be devised.

Two major constituents of magnetic-mineral assemblages in marine sediments are magnetofossils and detri-
tal magnetic minerals (e.g., Channell et al., 2013; Chen et al., 2017; Roberts et al., 2012; Yamazaki, 2008). It
is considered that different RPI recording efficiency between these two components may be responsible for
the climatic contamination, which is likely originated from their different acquisition efficiencies of natural
remanent magnetization (NRM) and the normalizers usually used for RPI estimations, namely the anhyster-
etic remanent magnetization (ARM) and the isothermal remanent magnetization (IRM). Some previous stud-
ies using Pacific marine sediments proposed that RPI recording efficiency of the magnetofossil component is
lower than that of the detrital component, and that increasing proportion of the magnetofossil component causes
underestimation of RPI (Gai et al., 2021; Inoue et al., 2021; Li et al., 2022). This explains frequently reported
anti-correlation between RPI and the ratio of ARM susceptibility to saturation IRM (k,,,/SIRM) (Hofmann
& Fabian, 2009; Inoue et al., 2021; Li et al., 2022; Sakuramoto et al., 2017; Yamazaki et al., 2013), as k,g,,/
SIRM is a proxy for the proportion of the magnetofossil to detrital components (Egli, 2004; Yamazaki, 2008;
Zhang et al., 2022) as well as magnetic grain size (Banerjee et al., 1981; King et al., 1982). The conclusion of
lower RPI recording efficiency for magnetofossil by Li et al. (2022) is derived from the observations that RPI
calculated from a higher-coercivity fraction is smaller than that from a lower-coercivity fraction and that the
higher-coercivity fraction in their studied sediments is mainly carried by magnetofossil whereas the proportion
of the detrital component is larger in the low-coercivity fraction. The opposite conclusion was, however, obtained
from some sediment cores using a similar method (Chen et al., 2017; Ouyang et al., 2014). Also in these studies,
a higher-coercivity fraction (50-80 mT) is considered to be carried mainly by magnetofossil.

Recently, the important role of silicate-hosted magnetic inclusions as a carrier of remanent magnetization in
marine sediments has become recognized (Chang et al., 2016, 2021; Chen et al., 2017; Zhang et al., 2018).
However, their efficiency in acquiring a detrital remanent magnetization (DRM) is not well understood. The
DRM acquisition efficiency may be controlled by various factors, including the total magnetic moment of the
host silicate crystals and their grain sizes, and the domain state of magnetic inclusions. Because of the lower ratio
of magnetic moment to volume of silicate crystals with magnetic inclusions, their RPI recording efficiency is
expected to be lower than that of unprotected magnetic grains. Accordingly, RPI contributions from these two
classes of detrital magnetic minerals need to be evaluated separately. The detrital component of the sediments
studied by Li et al. (2022) is dominated by unprotected magnetites whereas that of Chen et al. (2017) would
mainly be silicate-hosted magnetic inclusions. This may have led the opposite conclusion regarding RPI record-
ing efficiency of magnetofossil (Li et al., 2022).

Magnetic mineral compositions of sediments vary from place to place depending on depositional environments.
Hence, we need to expand the research to global sediments in order to understand comprehensively the differ-
ences of RPI recording efficiency among constituents of magnetic mineral assemblages. Here we have conducted
a paleo- and rock magnetic study of a sediment core taken from the southeast Pacific Ocean. Sediments of this
region were less studied paleomagnetically so far. We will show that RPI recording efficiency of magnetofossils
is lower than detrital partially oxidized unprotected magnetites.

2. Samples

A piston core MR0806-PC3 of approximately 19.66 m in length was taken from the southeast Pacific Ocean off
Chile during the R/V Mirai MR08-06 cruise in 2009 (Abe, 2009) (Figure 1). The position of the coring site is
48°24.95'S, 80°28.43'W, and the water depth is 4,049 m. The site is to the southwest of the Chile Triple Junction,
and the age of the seafloor at the site is about 15 Ma. The core consists of silty clay, diatomaceous silty clay, and
calcareous silty clay. The sediments are lightly to heavily mottled and bioturbated. The bottom 0.59 m of the core
was excluded from this study because of flow-in.

Core color reflectance was measured onboard at 1 cm intervals on split half-core surfaces through transparent
polyethylene wrap with a Minolta CM-2002 reflectance photospectrometer using 400-700 nm in wavelengths.
To quantify the color reflectance, the L*a*b* system is used in this study. The color of the core is light gray
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Figure 1. Map showing the location of Core MR0806-PC3 and bathymetry in

the southeast Pacific Ocean.

105°W

to grayish olive, and more grayish in the deeper part of the core in general
(Figure S1 in Supporting Information S1). Cyclic color changes are remark-
able, in particular in the deeper part of the core.

Discrete samples for paleo- and rock-magnetic measurements were taken
continuously onboard from half-split core surfaces using 7 cm? plastic cubes.
In total 487 discrete samples were obtained. The samples were tightly sealed
to prevent dehydration before measurements.

3. Natural Remanent Magnetization

NRM of every other sample, about 5 cm intervals in the core, was measured
using a pass-through cryogenic magnetometer (2G Enterprises model 760R)
at Marine Core Research Institute (MaCRI), Kochi University. Stepwise
alternating-field (AF) demagnetization was conducted at 10 or 11 stepsuptoa
peak AF field of 80 mT using an in-line AF demagnetizer of the pass-through
magnetometer system. It was revealed that a significant portion of the NRM,
about 30%—45% of the initial intensity, remains after AF demagnetization at
80 mT (Figure 2). The presence of large contributions with >80 mT coer-
civities is unusual for deep-sea sediments (e.g., Heller et al., 1984; Opdyke
et al., 1966; Yamazaki & Ioka, 1994; Yamazaki & Yamamoto, 2018).

Then, in order to further demagnetize the NRM, 72 discrete samples were

AF demagnetized at 16 steps up to 160 mT and measured using a fully

automated spinner magnetometer with a build-in tumbling AF demagnet-
izer (Natsuhara-Giken D-spin) at Atmosphere and Ocean Research Institute (AORI), The University of Tokyo.
Another eight samples were demagnetized at 14 steps up to 140 mT with a standalone tumbling AF demagnetizer
(Natsuhara-Giken DEM-95) and measured with a cryogenic magnetometer for discrete samples (2G Enterprises
model 755) at MaCRI, Kochi University. Ninety-five percent or more of initial NRM were demagnetized at 140
or 160 mT (Figure 3). The samples demagnetized up to 140 or 160 mT were taken at about 24 cm intervals.
Remaining NRM intensities after 80 mT AF demagnetization using the tumbling AF demagnetizes of the D-spin
or DEM-95 are about 30% smaller than those using the static demagnetizer of the pass-through magnetometer
system. This is due to the higher demagnetization efficiency of the tumbling method with respect to the static AF
demagnetizer, due to the exposure of all minerals to the AF field along directions of minimum coercivity.

Characteristic remanent magnetization (ChRM) direction was determined using principal component analysis
(Kirschvink, 1980; Figures 2 and 3). The demagnetization interval with the smallest maximum angular deviation
(MAD) was adopted. The fitting was not anchored to the origin, but the deviation from the origin was very small.
A secondary component of probably viscous remanent magnetization origin was removed at first few AF steps,
and ChRM direction is well resolved (Figures 2 and 3). Most samples have MAD of less than 10° except for near
polarity transitions (Figure 4). There is no systematic difference in ChRM directions between the results of AF
demagnetization up to 80 mT measured with the pass-through magnetometer and those of up to 160 mT measured
with the spinner magnetometer (Figure 4), although the scatter in the directions and MAD values of the latter
are larger due to lower sensitivity of the spinner magnetometer than the pass-through cryogenic magnetometer.

From the NRM declination and inclination, it is concluded that the Matuyama-Brunhes polarity transition occurs
at approximately 11.5 m in depth (Figure 4). A short normal-polarity interval at ~17.0 m in depth is considered be
a manifestation of the Cobb Mountain subchron (1.180-1.215 Ma according to Gradstein et al. (2020)). The age of
the bottom of the core is estimated to be approximately 1.36 Ma, and the average sedimentation rate is 13.9 m/Myr.

The average inclinations of the samples measured with the pass-through cryogenic magnetometer system are
—64.4° + 4.5° during the Brunhes chron and 63.9° + 6.5° during the Matuyama chron excluding the Jaramillo and
Cobb Mountain subchrons. The mean inclination anomaly calculated as the deviation of the observed inclination
from the inclination expected from the geocentric axial dipole field at the site latitude (+66.1°) is 1.7° and —2.2°
for the Brunhes and Matuyama chrons, respectively. According to the time-averaged field models for the last
5 Myr (Johnson & Constable, 1997) and for the last 10 Myr (Cromwell et al., 2018), the inclination anomaly is
negative during the normal polarity and positive during the reversed polarity in general, and larger in magnitude
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Figure 2. Examples of natural remanent magnetization (NRM) and relative paleointensity (RPI) estimation normalized by anhysteretic remanent magnetization (ARM)
for samples measured with the pass-through cryogenic magnetometer system. Left panels show stepwise alternating-field (AF) demagnetization of NRM. Open (solid)
circles are the projection of vector end points on the vertical (horizontal) plane. The core is not azimuthally oriented. Black dashed line indicates characteristic remanent
magnetization (ChRM) direction, and data points of gray circles were not used to calculate the ChRM. Middle panels show decay of NRM intensity during stepwise

AF demagnetization. Right panels show RPI estimation from a best-fitting slope (red line) on a diagram plotting a pair of NRM and ARM for each AF demagnetization
step. A coercivity interval from 20 to 40 mT was used for RPI estimation normalized by ARM.
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Figure 3. Examples of natural remanent magnetization (NRM) and relative paleointensity (RPI) estimation normalized by anhysteretic remanent magnetization
(ARM) and isothermal remanent magnetization (IRM) for samples measured with the automated spinner magnetometer system. Leftmost panels shows stepwise
alternating-field (AF) demagnetization of NRM. Open (solid) circles are the projection of vector end points on the vertical (horizontal) plane. The core is not
azimuthally oriented. Black dashed line indicates characteristic remanent magnetization (ChRM) direction, and data points of gray circles were not used to calculate
the ChRM. The second row from the left shows decay of NRM intensity during stepwise AF demagnetization. The third row from the left shows RPI estimation from
a best-fitting slope (red line) on NRM-ARM demagnetization diagram. A coercivity interval between 20 and 40 mT was used for RPI estimation normalized by ARM.
Rightmost row shows RPI estimation from a best-fitting slope on a NRM-IRM demagnetization diagram. Coercivity intervals from 20 to 40 mT (red) and from 70 to
160 mT (blue) were adopted for RPI estimation normalized by IRM.

at low latitudes. The southeast Pacific represents an exception, with slightly positive (negative) inclination anom-
alies during the normal (reversed) polarity. The result of this core is consistent with these models.

4. Rock Magnetism
4.1. Methods

4.1.1. Bulk Magnetic Properties

Magnetic susceptibility was measured using a KappaBridge MFK2-FA susceptometer at AORI, The University
of Tokyo. ARM was imparted at a peak AF of 80 mT superimposed on a DC field of 0.1 mT and measured with
the pass-through magnetometer system for samples that were AF demagnetized by this magnetometer system. For

the samples that were AF demagnetized by the tumbling demagnetizers, ARM was imparted at a peak AF field
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Figure 4. Downcore variations of characteristic remanent magnetization directions: (a) inclination, (b) relative declination,
and (c) maximum angular deviation. Colored data points connected with lines were measured using the pass-through
cryogenic magnetometer, and open squares were measured with the automated spinner magnetometer. Magnetic polarity
interpretation is shown on the top.
of 160 mT superimposed on a DC field of 0.05 or 0.1 mT and measured with the automated spinner magneto-
meter system. Differences in AF frequency and decay time between the two systems may cause different ARM
acquisition efficiency, and hence only ARMs imparted with the pass-through magnetometer system were used
for rock-magnetic discussion in this chapter. ARMs imparted with the spinner magnetometer system will be used
later for RPI estimations. IRM was given by a pulse magnetizer (ASC IM-10-30) at AORI, The University of
Tokyo, and measured using the spinner magnetometer. First, IRM was imparted at 2.5 T, which is regarded as
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SIRM in this paper. Then, IRMs of 0.1 and 0.3 T were successively imparted in the direction opposite to the initial
IRM. S ratios (S_, ,r and S_ ;) were calculated according to the definition of Bloemendal et al. (1992).

4.1.2. Low-Temperature Measurements

Low-temperature magnetic measurements were conducted on 10 selected samples using a low-temperature super-
conducting quantum interference device (SQUID) susceptometer (Quantum Design MPMS-XL5) at MaCRI,
Kochi University. The main purpose of the measurements was to obtain information on magnetic mineralogy,
in particular for estimating oxidation state of magnetite (Ozdemir & Dunlop, 2010). Hence the samples for the
measurement were selected to cover variations in S-ratios and color reflectance. First, an IRM was imparted at
300 Kin a 3 T field, and magnetization changes were measured at approximately 2 K intervals during cycling the
temperature between 300 and 10 K in a nearly zero field. Then, the samples were cooled from 300 to 10 K in a
3 T field, which was followed by measurement of the IRM up to 300 K at approximately 2 K intervals.

4.1.3. First-Order Reversal Curve (FORC) Measurements

First-Order Reversal Curve (FORC) diagram provides information on the distribution of coercivity (H,) and local
interaction field (H,) of a magnetic particle assemblage (Pike et al., 1999; Roberts et al., 2000), and has become
widely used to quantitatively characterize magnetic mineral assemblages in rock- and environmental magnetic
studies (Egli, 2021; Roberts et al., 2014, 2022). FORC measurements were conducted on 22 samples using an
alternating-gradient magnetometer (AGM, Princeton Measurements Corporation MicroMag 2900) at AORI, The
University of Tokyo. The samples were selected to cover variations in k,g,,/SIRM. A total of 133 FORCs were
measured for each sample, with H_ between 0 and 140 mT, H, between —50 and 50 mT, and field spacing of approx-
imately 2 mT. For 4 out of 22 samples, H, ranged from 0 to 100 mT, and the number of FORCs was 113. The maxi-
mum applied field was 1.0 T, and the averaging time for each measurement point was 400 ms. FORCinel software
(Harrison & Feinberg, 2008, version 3.06 in 2022) was used to produce FORC diagrams, and the VARIFORC algo-
rithm of Egli (2013) was used to smooth the data with smoothing parameters of S, =4, S,,=3,and S, =S, =7.
When resulted in low signal-to-noise ratios, the measurements were repeated three times and the data were stacked.

4.1.4. IRM Component Analysis

IRM acquisition curves were measured using the AGM to estimate magnetic mineral composition from coerciv-
ity distribution. The experiment was conducted on the same samples for the FORC measurements. One hundred
measurements were made at field steps ranging from 3 mT to 1.0 T. The IRM acquisition curves were decom-
posed into magnetic coercivity components using the method of Kruiver et al. (2001) assuming that IRM acqui-
sition curves are a linear addition of components represented by cumulative log-Gaussian functions.

4.1.5. Transmission Electron Microscopy (TEM)

TEM observation of magnetic extracts was conducted to directly observe magnetic minerals, in particular to iden-
tify magnetofossils from their characteristic morphology and grain size confined within the single-domain (SD)
range (e.g., Kopp & Kirschvink, 2008). Two representative samples with high and average k,,,/SIRM values, at
6.06 and 6.94 m in depth, were selected for the observation. Magnetic minerals were extracted using a magnetic
finger (Kirschvink et al., 1992). The extraction procedure and TEM grid preparations are described in Yamazaki
and Shimono (2013). A TEM (JEOL JEM-1400) at AORI, The University of Tokyo, operated at 120 kV, was
used for the observation.

4.1.6. Magnetization Carried by Silicate-Hosted Magnetic Inclusions

In order to estimate the contribution of silicate-hosted magnetic inclusions to the magnetization of the sedi-
ments, quartz and feldspar were extracted with sodium pyrosulfate (Na,S,0,) fusion technique (Blatt et al., 1982;
Clayton et al., 1972; Stevens, 1991; Syers et al., 1968). For detailed procedures, refer Usui et al. (2018) and Li
et al. (2022). Three samples at 1.88, 6.06, and 11.91 m in depth were subjected to the chemical digestion. The
fraction of magnetization carried by silicate-hosted magnetic inclusions was estimated from difference in SIRM
between untreated sediments and residues of the chemical digestion.

4.2. Results and Interpretation

Magnetic susceptibility fluctuates around 5 x 10~* ST except for a few spikes and a conspicuous low at ~6 m in
depth (Figure 5a). k,g,,/SIRM shows a long-term upcore decreasing trend above ~13 m in depth (Figure 5b),
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Figure 5. Downcore variations of bulk magnetic properties: (a) magnetic susceptibility, (b) the ratio of anhysteretic remanent magnetization susceptibility (k,g,) to
saturation isothermal remanent magnetization, and (c) S-ratio: S_, 1 (red) and S_ 5, (blue).

suggesting a decreasing proportion of magnetofossils to detrital magnetic grains. S_g,; also shows an upcore
decreasing trend above ~13 m (Figure 5c). A magnetic susceptibility low at ~6 m coincides with a high in k g,/
SIRM and S_, ;. Below ~13 m, S_ ,; shows large fluctuations, suggesting significant changes in magnetic
mineral composition of the sediments.

IRM component analyses revealed that IRM of all samples is carried mainly by two magnetic components:
low- and middle-coercivity components (Figures 6a—6d; Figures S2a—S2j in Supporting Information S1). The
low-coercivity component has the mean coercivity of approximately 40 mT and dispersion parameter (DP) of
0.22 throughout the core. The mean coercivity and DP of the middle-coercivity component are 110-120 mT and
0.20-0.22, respectively, for the samples above 13 m in depth, whereas samples from the deeper part of the core
at 13.35 and 16.05 m have significantly lower mean coercivity of ~75 mT (Figure 6d; Figures S2h and S3 in
Supporting Information S1). This is consistent with higher S_ | of these samples (Figure 5c¢). The occurrence
of a middle-coercivity component with the mean of ~100 mT was often reported from Pacific marine sediments
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Figure 6. (a—c) Examples of isothermal remanent magnetization (IRM) component analyses. Squares represent data
points that define the gradient of IRM acquisition curves, which can be described by the sum (black curve) of two
dominant components, low-coercivity (blue) and middle-coercivity (red) components, and other two minor components,
very-low-coercivity (green) and high-coercivity (orange) components. (d—f) Corresponding First-Order Reversal Curve

diagrams.
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in oxic environments, and this component was interpreted to be carried by detrital maghemite (Sakuramoto
et al., 2017; Yamazaki, 2008, 2009; Yamazaki & Solheid, 2011). The middle-coercivity component of this core
is the most dominant component in the IRM decomposition, whereas the proportion of the middle-coercivity
component reported previously from the Pacific sediments is smaller than other lower coercivity components
in general. This may be caused by a larger input of detrital magnetic minerals due to a close distance of this site
from the South American continent.

Low-temperature measurements revealed that samples above ~13 m in depth show blurred Verwey transition,
whereas the Verwey transition becomes clearer in the deeper part of the core (Figure 7). This suggests that magnet-
ites in the former samples were partially oxidized to maghemite (Cui et al., 1994; Ozdemir et al., 1993). In magnet-
ization curves during a zero-field cooling and warming cycle of an IRM acquired at 300 K, magnetization at
temperatures below the Verwey transition temperature (7)) remains larger than the initial magnetization at 300 K
for samples above ~13 m in depth, whereas magnetization becomes smaller than the initial IRM for samples at
13.35 and 16.05 m (Figure 7). The ratio of IRMs at 50-300 K in the cooling curve represents the difference in the
shape of the cycling curves mentioned above (Figure 7g), which can be a proxy for oxidation of magnetite (Ozdemir
& Dunlop, 2010; Yamazaki & Solheid, 2011). These data suggest that surface of magnetites in the sediments above
~13 m in depth has been maghemitized, whereas magnetites in the two samples below ~13 m are little oxidized.

The results of the IRM coercivity analyses and the low-temperature measurements indicate that the sediments
above ~13 m in depth have the middle-coercivity component of presumably detrital origin with the mean coerciv-
ity of 110-120 mT, and magnetites in these samples suffered from maghemitization. Below ~13 m, the samples
in which magnetites are little oxidized and the coercivity of the middle-coercivity component is lower correspond
to lows of a* and b* in core color (Figures S1 and S3 in Supporting Information S1). These color changes are
indicative of a less oxic condition. We interpret the observation that detrital magnetites in the sediments were
maghemitized at their surfaces by the time of deposition and then maghemites were reduced to magnetites in a
suboxic environment in the deeper part of the core. We infer that loss of maghemite shell by reduction caused
a decrease in the mean coercivity; the maghemite shell can have an enhanced coercivity due to stress induced
by oxidation (Cui et al., 1994; van Velzen & Zijderveld, 1995). Some authors previously documented magnetic
property changes across the iron-redox boundary: decreased coercivity and remanent coercivity of bulk pelagic
sediments (Smirnov & Tarduno, 2000) and disappearance of the middle-coercivity component with the mean of
~100 mT (Yamazaki & Ikehara, 2012; Yamazaki & Solheid, 2011).

All FORC diagrams show a narrow ridge along H, ~ 0. This feature is called the central ridge, and its peak coerciv-
ity is about 25 mT (Figures 6e—6h; Figures S2k—S2t in Supporting Information S1). The central ridge indicates the
presence of non-interacting SD grains, which is interpreted to be carried by intact chains of magnetofossils (Chang
et al., 2014; Chen et al., 2007; Egli et al., 2010; Li et al., 2012; Roberts et al., 2012; Yamazaki, 2008). The presence
of magnetofossils is supported by the TEM observation (Figure S4 in Supporting Information S1). SD-size particles
with typical morphologies observed for magnetosomes produced by magnetotactic bacteria, these are hexagonal
prisms, equant octahedra, and tear-drops, were observed. The FORC diagrams also have a broad component with
wide H, distributions, whose coercivity extends to 120 mT or higher. The large vertical (H,) spread indicates the
presence of significant magnetostatic interactions, which is interpreted to be carried by detrital magnetic grains in
vortex states and/or aggregated detrital grains with significant inter-grain magnetostatic interactions. Magnetofossils
of multi-stranded, bended, and collapsed chains would also contribute to the broad component in a lower coercivity
range (Amor et al., 2022; Berndt et al., 2020; Chang et al., 2019). The broad component is small for the sample at
6.06 m in depth, indicating a smaller proportion of the detrital component (Figure 6b). This is consistent with a high
in k,p\/SIRM at and near the depth of this sample (Figure 5b), suggesting a larger proportion of magnetofossils.
In the samples that have the decreased mean coercivity of the middle-coercivity component in the IRM decompo-
sition (13.35 and 16.05 m), the coercivity distribution of the broad component in the FORC diagrams shifts to the
lower side of coercivity compared with other samples (Figure 6h; Figure S2r in Supporting Information S1). On the
other hand, the central ridge component does not show remarkable change in its coercivity distribution (Figure 6;
Figure S2 in Supporting Information S1), which is consistent with almost constant mean coercivity and DP of the
low-coercivity component throughout the core in the IRM decomposition. These observations suggest that detrital
magnetites were partially oxidized to maghemites at deposition and then reduced to magnetites in a less oxic envi-
ronment in the deeper part of the core, whereas magnetofossils have remained unoxidized since their production.

Principal component analysis (PCA) was applied to a set of FORC diagrams (Harrison et al., 2018; Lascu
et al.,, 2015). Fifteen samples having measurements up to 140 mT in H_ and above 13 m in depth, where
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Figure 7. Results of low-temperature magnetic measurements. (a, ¢, ¢) Examples of thermal decay of isothermal remanent
magnetization (IRM) after cooling from 300 to 10 K in a 3 T field. (b, d, f) Examples of low-temperature cycling of IRM
acquired at 300 K in a 3 T field. (g) The ratio of IRMs at 300 and 50 K measured during zero-field cooling of IRM acquired
at 300 K.
oxic-redox magnetic mineralogical change does not occur, were selected for the analysis. From FORC-PCA, a
two-EM system is defined in a single PC space (Figure 8). Seventy-eight percent of the data variance is explained
by the single PC. Incorporating the second PC did not significantly increase the variance explained (Figure S5
in Supporting Information S1). EM1 has a sharp central ridge with a peak H, of about 25 mT but also some
vertical spread. We interpret that EM1 represents intact and collapsed chains of magnetofossils. The vertical
spread in EM1 would be caused by flux-closure states of intact multistranded chains and collapsed chains (Amor
YAMAZAKI ET AL. 11 of 20
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et al., 2022). EM2 shows large vertical spread and the FORC distribution extends to ~140 mT or higher in H,
which represents interacting SD/vortex grains of presumably detrital origin. EM1 proportion correlates with
kyr/SIRM (Figure 9a), which supports the interpretation that EM1 represents magnetofossils. EM2 proportion
correlates with the middle-coercivity component proportion in the IRM decomposition representing partially
oxidized detrital magnetites (Figure 9b). In summary, the magnetic mineral assemblage in the sediments above
~13 m in depth is a mixture of magnetofossils and partially oxidized detrital magnetites.

From the chemical digestion experiment, the fraction of SIRM carried by silicate-hosted magnetic inclusions is
estimated to be about 4% in the average of the three samples (Table 1). Hence most detrital magnetic minerals
in the studied sediments are inferred to occur as unprotected grains. Mass-normalized SIRM of silicate-hosted
magnetic inclusions in these sediments is 2-3 X 10> Am?¥kg, which is similar to those extracted from sediments
of the Ontong-Java Plateau in the western equatorial Pacific (Li et al., 2022) and a little larger than those from red
clay in the South Pacific Gyre (Usui et al., 2018).

5. Relative Paleointensity

ARM and IRM are used as the normalizers for RPI estimations in this study, as numerous previous RPI studies
did (e.g., Tauxe, 1993; Tauxe & Yamazaki, 2015). We followed the pseudo-Thellier approach (Tauxe et al., 1995),
but stepwise demagnetization of ARM and IRM was used instead of acquisition (Channell et al., 2002; Lerner
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Figure 9. (a) Relation between endmember EM1 proportion from FORC-PCA and the ky,,/saturation isothermal remanent
magnetization ratio, and (b) relation between endmember EM2 proportion and middle-coercivity component proportion in
isothermal remanent magnetization decomposition.

etal., 2017). Stepwise AF demagnetization of ARM was conducted at the same steps as demagnetizing NRM: 10
steps up to 80 mT for the samples whose NRM was measured with the pass-through cryogenic magnetometer, and
14 steps up to 140 mT and 16 steps up to 160 mT for the samples measured with the discrete cryogenic magneto-
meter and the spinner magnetometer, respectively. Stepwise demagnetization of IRM was conducted only for the
samples in which NRM was AF demagnetized by the tumbling method using the build-in AF demagnetizer of the
spinner magnetometer system or the standalone AF demagnetizer, and the same AF steps as demagnetizing NRM
were used: 14 steps up to 140 or 16 steps up to 160 mT.

Stepwise AF demagnetizations of NRM ARM, and IRM show different coercivity spectra (Figure S6 in Support-
ing Information S1), which results in strongly convex diagrams of plotting a pair of NRM and ARM (or IRM)
for each AF demagnetization step (Figures 2 and 3). Most ARM was erased by AF demagnetization up to 70 mT
not only for the samples to which ARM was imparted at a peak AF of 80 mT but also those to which ARM was
imparted at 160 mT. RPI normalized by ARM was calculated from the best-fitting slope in a segment from 20
to 40 mT on NRM-ARM diagrams. Samples with MAD > 10° or slope correlation coefficient <0.9 (<0.7 for
the samples measured with the spinner magnetometer) were excluded. Variations of RPIs obtained from ARM
imparted at 80 mT and that at 140 or 160 mT coincide, but the absolute values are not the same due to the differ-
ent AF demagnetization efficiency between the static (the former) and tumbling (the latter) AF demagnetization
systems; we call NRM/ARM , 401 gaie @1d NRM/ARM NRM/ARM is about 30%
larger in average than the other.

_20-40mT_tumbler* —20-40mT_static

Two linear segments are observed in NRM-IRM demagnetization diagrams, from 20 to 40 mT and 70 to 160 mT
(Figure 3), and RPI normalized by IRM was calculated separately from the best-fitting slopes in these two
segments: NRM/IRM ,, 4o, and NRM/IRM ., ¢+ Data with MAD > 10° or slope correlation coefficient <0.7
were excluded. NRM/IRM ;4 is significantly larger than NRM/IRM , 4, as can be recognized from the
difference of the slope gradient in Figure 3. The two coercivity ranges, from 20 to 40 mT and from 70 to 160 mT,
nearly correspond to those of the low- and middle-coercivity components in the results of the IRM decompo-
sition. Thus, we consider that RPI from NRM/IRM ,, ,,..; is carried by magnetofossils, and RPI from NRM/
IRM .4 40nr 18 carried mainly by partially oxidized unprotected magnetites of detrital origin. The observation

Table 1
Summary of Chemical Extraction of Quartz and Feldspar

Bulk SIRM
untreated
(10-° Am?)

Bulk SIRM SIRM
residues fraction
(10 Am?)  residues (%)

Mass-normalized  Mass-normalized
SIRM: untreated SIRM: untreated
(1073 Am%/kg) (1073 Am%/kg)

Mass fraction
residues (%)

Sample Depth
No. (m)

755 1.88 30.71 1.30 4.22 22.20 12.88 2.43
935 6.06 9.49 0.48 5.09 8.23 3.94 2.43
1187 11.91 84.77 2.73 322 48.11 45.71 3.06
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that ARM little carries a coercivity component higher than 70 mT even for ARM acquired at AF of 160 mT
supports the interpretation that the middle-coercivity component of the IRM decomposition is mainly of detrital
origin and magnetofossils little contribute to this component (Zhang et al., 2022).

The rock magnetic investigation of the core revealed that magnetic mineralogy is uniform down to ~13 m in
depth, and that the magnetic mineral assemblage is a mixture of magnetofossils and detrital partially oxidized
unprotected magnetites. Below ~13 m, on the other hand, uniformity of magnetic mineralogy, which is a prereq-
uisite of reliable RPI estimations (e.g., Tauxe, 1993; Tauxe & Yamazaki, 2015), is not satisfied; the oxidation
state of magnetic minerals changes associated with cyclic oxic-suboxic environmental changes. Thus, the follow-
ing discussion on RPI is limited to depths above 13 m.

6. Discussion

RPI from this core using NRM-ARM slopes (NRM/ARM , .1 «aic) 18 Well correlative to the PISO-1500
stack (Channell et al., 2009) (Figure 10). RPIs from NRM/ARM ;0 somT twmblerr NRM/IRM 0,0 and NRM/
IRM . ;¢omr coincide well when scaled to a common average (uniEy) (Fig;ure 11a). This indicates that all three
RPI E)roxies have preserved the same geomagnetic signals. However, the values of NRM/IRM ,, ¢, .+ are about
2.3 times larger than those of NRM/IRM , . in average, which indicates that RPI recordinf,; efficiency of the
detrital component is larger than that of the magnetofossil component when normalized by IRM. This supports the
conclusion of Inoue et al. (2021) and Li et al. (2022). It was confirmed by the chemical digestion experiment that
the detrital component of Li et al. (2022) and this study consists mainly of unprotected magnetites/maghemites and
contribution of silicate-hosted magnetic inclusions is small. There is no discernible phase difference among RPIs
from NRM/ARM ,, 107 saicc NRM/IRM 0 and NRM/IRM ., ¢0..1» although depth resolution of this study
is relatively low due to a_relatively large (iepth interval, ~25 cm, of the samples subjected to demagnetization up
to 160 mT. This implies that there is no remarkable difference in DRM fixing depth between the magnetizations
carried by the magnetofossil and detrital components. This supports the inference of some previous works that
tried to separate remanent magnetization carried by the two components (Gai et al., 2021; Ouyang et al., 2014).

In the studied core, no correlation between RPI and k,,,/SIRM is observed (Figures 5 and 10b). There is a grad-
ual upcore decreasing trend in k ,,,/SIRM above ~13 m in depth, but not in RPI. The degree to which the curves
of the PISO-1500 and the RPI of the studied core match does not change with age (Figure 10b) despite k g,/
SIRM variations. This is in contrast to the inverse correlation between RPI and k,,,/SIRM reported previously
(Li et al., 2022; Sakuramoto et al., 2017; Yamazaki et al., 2013). Influence of short-wavelength fluctuation in
kr/SIRM is not observed either. For example, RPI of this core does not show any deviation from the PISO-1500
stack even at a prominent peak in k,g,,/SIRM at ~6 m in depth (~400 ka) (Figure 10b). In this core, the coer-
civity ranges of the magnetofossil and detrital components obtained from the IRM decomposition little overlap,
and hence RPIs calculated from the two separate coercivity intervals, NRM/IRM ;. and NRM/IRM 4 ¢0. 1
could successfully separate RPIs carried by the magnetofossil and detrital components. Therefore, RPI is not
influenced even when the proportion of magnetofossils to detrital unprotected magnetite/maghemite changes. In
this respect, magnetic properties of this core are ideal for obtaining reliable RPI.

The lower RPI recording efficiency of magnetofossils when normalized by ARM can be partly explained
by that higher ARM acquisition efficiency of magnetofossils causes underestimation of RPI (Li et al., 2022;
Yamazaki, 2008; Zhang et al., 2022). This study confirmed that lower RPI recording efficiency of magneto-
fossils occurs also for RPI normalized by IRM, which was previously suggested from calculating RPI sepa-
rately from different coercivity ranges like this study (Li et al., 2022) or inverse correlation with k,p,/SIRM
(Inoue et al., 2021; Sakuramoto et al., 2017; Yamazaki et al., 2013). This result suggests that DRM recording
efficiency is lower in magnetofossils than detrital unprotected magnetites/maghemites and/or IRM acquisition
efficiency may also be influenced by the strength of magnetostatic interactions. The difference in RPI record-
ing efficiency between these two components of this study, about 2.3 times, is significantly larger than that of Li
etal. (2022), 1 to 1.5 times. This may be due to that the coercivity ranges of the magnetofossil and detrital compo-
nents little overlap in this study whereas the two could not be separated completely in Li et al. (2022) because of
significantly overlapping coercivity ranges.

It is considered that magnetofossils in sediments occur as a mixture of intact single- and multi-stranded chains
and collapsed chains. The configuration of magnetofossils may also influence RPI estimations as well as the
proportion of the magnetofossil and detrital components. Although the RPIs from NRM/ARM 5 4001 tumbier
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Figure 10. (a) Relative paleointensity (RPI) obtained from Core MR0806-PC3 based on best-fit slopes for a coercivity interval from 20 to 40 mT in NRM-ARM
demagnetization diagrams (NRM/ARM 51 gaic)» @0d its correlation to the PISO-1500 RPI stack (Channell et al., 2009). Green line indicates the Matuyama-Brunhes
(M/B) boundary based on the directional data shown in Figure 4. (b) Superposition of RPI of Core MR0806-PC3 and the PISO-1500 stack based on the correlation in

panel (a).

NRM/IRM 4 40,1 and NRM/IRM 4 ¢o.¢ coincide in general when the means of the individual RPIs are
normalized to unity, there are certain differences among the three (Figure 11a). The difference may be explained
by variations in magnetofossil configurations.

In some samples, NRM/IRM ,, 4. is larger than the other two, as exemplified by the samples at 5.99 and
7.61 m. In this case, NRM/IRM ,, ;. normalized by NRM/IRM ., .+ is positively correlated with
kar/SIRM (r = 0.64) (Figure 11b). This may be explained by an increased proportion of magnetofossils forming
single stranded chains. In multistranded magnetofossil chains, non-central-ridge low-coercivity contributions in
FORC diagrams are associated with a higher-coercivity central-ridge component (Amor et al., 2022), and hence
IRM,; 4,y cONtains contribution from NRM with a higher coercivity range, which lowers NRM/IRM ,, 4 -
This is not the case for single stranded chains. It is thus expected that NRM/IRM ,, . enhances with increased
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Figure 11. (a) Comparison of RPIs measured on identical samples: NRM-ARM slope from a coercivity interval from 20 to 40 mT (NRM/ARM , 4o 1 umpler) (T€A),
NRM-IRM slope from 20 to 40 mT (NRM/IRM ,, ,,..r) (black), and NRM-IRM slope from 70 to 160 mT (NRM/IRM ., ,¢.p) (blue). All curves are scaled to have
a common average (unity). (b) Relation between kg, /SIRM and NRM/IRM ,, ;... normalized by NRM/IRM ;.- (¢) Relation between k,,,/SIRM and NRM/
ARM L 4ot wmbier NOrmalized by NRM/IRM 5 o ) )

proportion of single-stranded chains. Higher ARM acquisition efficiency of single stranded chains compared
with multistranded ones enhances k ,,/SIRM ratios.

On the other hand, some samples show larger NRM/ARM 5 4507 wumpier @ Observed at 4.34, 4.57, and 7.38 m,
and have a weak negative correlation with k,p,,/SIRM (r = 0.28) when NRM/ARM 5 401 wumpier 18 NOrmalized
by NRM/IRM 4 ¢onr (Figure 11c). This case may be explained by an increased proportion of magnetofossils
with intact multistranded chains. ARM acquisition efficiency is lowered in multistranded chains due to magne-
tostatic interactions among chains, whereas intact multistranded chains have large NRM, which enhances NRM/
ARM 54 4ot umbler. The influence of increased multistranded chains to k,,,/SIRM could be obscured because
the ratio can also be lowered by chain collapse. Since NRM/IRM ;. and NRM/ARM ,4 11 (umpler COULd be
influenced by changes in magnetofossil configurations as discussed above, we consider that NRM/IRM ;4 001
would be the most reliable RPI proxy among the three in the studied core.

This study has demonstrated that for reliable RPI estimations from sediments it is important to evaluate RPI separately
for each magnetic mineral constituent in magnetic mineral assemblages. Linearity in NRM-ARM and NRM-IRM
demagnetization plots cannot be an indicator for RPI reliability. When coercivity ranges of the magnetofossil and
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detrital components completely overlap, NRM-ARM and NRM-IRM demagnetization plots will become linear. None-
theless, changes in the proportion of the two components will contaminate RPI records, and correlation between RPI
and kg,/SIRM will emerge. On the other hand, sediments showing significantly curving NRM-ARM and NRM-IRM
demagnetization diagrams like this study have a potential for uncontaminated RPI being recovered owing to little over-
lapping coercivity ranges of the magnetofossil and detrital components. RPI calculation from a single demagnetization
step, which was often conducted before the pseudo-Thellier approach became widely used, should be avoided.

7. Conclusions

We conducted a paleo- and rock magnetic study of a sediment core of about 19 m long taken from the southeast
Pacific, which led the following conclusions.

1. The core preserves primary remanent magnetization with little magnetic overprint. The age of the bottom of
the core is estimated to be ~1.36 Ma from the magnetostratigraphy. A small positive (negative) inclination
anomaly is observed during the Brunhes (Matuyama) chron, which is consistent with the time-averaged field
models.

2. Magnetofossils and partially oxidized detrital magnetites are main constituents of magnetic mineral assem-
blages above ~13 m in depth. Contribution of silicate-hosted magnetic inclusions to the magnetization is
minor. In intercalated suboxic horizons below ~13 m, maghemite is reduced to magnetite.

3. Magnetofossils carry magnetization of a coercivity interval from 20 to 40 mT, whereas detrital unprotected
magnetites/maghemites carry magnetization of a coercivity interval from 70 to 160 mT for the sediments
above ~13 m in depth. The detrital component little acquires ARM; ARM imparted at a peak AF of 160 mT
was mostly erased after AF demagnetization at 70 mT.

4. The pseudo-Thellier approach was adopted for RPI estimations from the sediments above ~13 m. Both
NRM-ARM and NRM-IRM demagnetization diagrams show strong convex curvature. RPI calculated from
the segment between 20 and 40 mT in NRM-IRM diagrams is lower than that from the segment between
70 and 160 mT. This indicates that RPI recording efficiency of magnetofossils is lower than that of detrital
unprotected magnetites/maghemites.

5. IRM-normalized RPI curves from both coercivity segments coincide with the PISO-1500 stack, and they are
not influenced by changes in the proportion of magnetofossils to detrital unprotected magnetites/maghemites.
This is due to the little overlap in the coercivity distributions of the two components, which is ideal for uncon-
taminated reliable RPI estimations. However, variations in the configuration of magnetofossils such as intact
single- and multi-stranded chains and collapsed chains may still influence RPI estimations.

Data Availability Statement

Paleo- and rock magnetic data produced in this study are available in Zenodo repository at https://doi.org/10.5281/
zenodo.8058086 (Yamazaki et al., 2023). The core material can be requested to the Japan Agency of Marine
Earth Science and Technology JAMSTEC) (https://www.godac.jamstec.go.jp/darwin_tmp/explain/81/e/).
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