Unmixing biogenic and terrigenous magnetic
mineral components in red clay of the Pacific
Ocean using principal component analyses of
first-order reversal curve diagrams and
paleoenvironmental implications
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Abstract

Red clay widely occupies the seafloor of pelagic environments in middle latitudes, and potentially preserves long
paleoceanographic records. We conducted a rock-magnetic study of Pacific Ocean red clay to elucidate paleoenvi-
ronmental changes. Three piston cores from the western North Pacific Ocean and IODP Hole U1365A cores in the
South Pacific Ocean were studied here. Principal component analyses applied to first-order reversal curve diagrams
(FORC-PCA) reveals three magnetic components (endmembers EM1 through EM3) in a core of the western North
Pacific. EM1, which represents the features of interacting single-domain (SD) and vortex states, is interpreted to be of
terrigenous origin. EM2 and EM3 are carried by non-interacting SD grains with different coercivity distributions, which
are interpreted to be of biogenic origin. The EM1 contribution suddenly increases upcore at a depth of ~2.7 m, which
indicates increased eolian dust input. The age of this event is estimated to be around the Eocene-QOligocene (E/O)
boundary. Transmission electron microscopy reveals that EM2 is dominated by magnetofossils with equant octahe-
dral morphology, while EM3 has a higher proportion of bullet-shaped magnetofossils. An increased EM3 contribu-
tion from~6.7 to 8.2 m suggests that the sediments were in the oxic—anoxic transition zone (OATZ), although the
core is oxidized in its entire depth now. The chemical conditions of OATZ may have been caused by higher biogenic
productivity near the equator. FORC-PCA of Hole U1365A cores identified two EMs, terrigenous (EM1) and biogenic
(EM2). The coercivity distribution of the biogenic component at Hole U1365A is similar to that of the lower coercivity
biogenic component in the western North Pacific. A sudden upcore terrigenous-component increase is also evident
at Hole UT365A with an estimated age around the E/O boundary. The increased terrigenous component may have
been caused by the gradual tectonic drift of the sites on the lee of arid continental regions in Asia and Australia,
respectively. Alternatively, the eolian increase may have been coeval in the both hemispheres and associated with the
global cooling at the E/O boundary.
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Introduction

Red clay occurs widely in mid-latitude seafloor below

the carbonate compensation depth. It covers~40% of
*Correspondence: yamazaki@aori.u-tokyoacjp the Pacific Ocean seafloor. Red clay contains almost no
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Kashiwa, Japan - o _ ficult to estimate precise sediment ages. Furthermore,
Full list of author information is available at the end of the article

. ©The Author(s) 2020. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing,
@ Sprlnger O pe n adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
— the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material
in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material
is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativeco
mmons.org/licenses/by/4.0/.


http://orcid.org/0000-0003-2818-8335
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40623-020-01248-5&domain=pdf

Yamazaki et al. Earth, Planets and Space (2020) 72:120

deposition rates are extremely low, a few meters per mil-
lion years or less, and hiatuses can occur (e.g., Opdyke
and Foster 1970). These drawbacks hinder high-resolu-
tion paleoceanographic studies. However, the slow sedi-
mentation of red clay provides the possibility to study
environmental changes over long time spans (Janecek
and Rea 1983; Dunlea et al. 2015; Shimono and Yamazaki
2016; Nozaki et al. 2019; Ohta et al. 2020); an ordi-
nary ~ 10 m piston core may reach sediment ages of tens
of millions of years ago.

The major source of pelagic red clay is considered to
be eolian dust transported from arid continental regions
(e.g., Rex and Goldberg 1958; Rea 1994). Thus, red clay
can preserve records of continental environments and
atmospheric circulation. For example, sedimentological
studies of red clay reveal increased eolian flux and grain
size in conjunction with the onset of northern hemi-
sphere glaciation (Janecek and Rea 1983) and fluctuating
eolian fluxes since the middle Pleistocene associated with
glacial-interglacial cycles (Hovan et al. 1991). Recently,
red clay has also attracted interest as a potential source of
rare-earth elements and yttrium (REY). Layers with high
REY concentrations occur widely in red clay provinces
(Kato et al. 2011; lijima et al. 2016; Tanaka et al. 2020;
Ohta et al. 2020).

Environmental magnetism can provide records of the
processes that generate, transport, deposit, and alter sed-
iments using rock-magnetic techniques (e.g., Thompson
and Oldfield 1986; Liu et al. 2012). Environmental mag-
netism can be particularly useful for studying red clay,
because the lack of calcareous and siliceous microfossils
hinders use of geochemical and paleontological methods
that are generally used in paleoceanographic research.
In previous environmental magnetic studies of red clay,
the concentration of high-coercivity magnetic minerals
such as hematite and goethite was used as an eolian flux
indicator, and eolian grain-size variations were estimated
from rock-magnetic proxies of magnetic mineral grain
size (Doh et al. 1988; Yamazaki and Ioka 1997; Shimono
and Yamazaki 2016; Zhang et al. 2018).

It has become recognized that fossil biogenic mag-
netites (magnetofossils) have widespread occurrence
in marine sediments (Roberts et al. 2011, 2012, 2013;
Yamazaki and Ikehara 2012; Yamazaki and Shimono
2013; Yamazaki and Horiuchi 2016; Zhang et al. 2018).
It is considered that magnetotactic bacteria are micro-
aerophilic or anaerobic and prefer chemical conditions
in the oxic-anoxic transition zone (OATZ) in a sediment
or water column (Blakemore et al. 1979; Bazylinski and
Frankel 2004; Leféevre and Bazylinski 2013). Red clays are
oxic sediments devoid of an OATZ (D’Hondt et al. 2015),
and thus it is not expected to yield biogenic magnetites.
However, it has been revealed that biogenic magnetites
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are the major constituent of magnetic mineral assem-
blages in red clay (Yamazaki and Shimono 2013; Shimono
and Yamazaki 2016; Usui et al. 2017). Usui et al. (2017)
reported variations in the dominant magnetofossil mor-
phology within a red clay core from the western North
Pacific Ocean based mainly on analysis of isothermal
remanent magnetization (IRM) acquisition curves and
transmission electron microscope (TEM) observations.

We conducted an environmental magnetic study of
red-clay cores from the western North Pacific and South
Pacific Oceans. Sediments usually contain a mixture of
magnetic minerals in various domain states and arrange-
ments. First-order reversal curve (FORC) diagrams (Pike
et al. 1999; Roberts et al. 2000) have become widely rec-
ognized as a robust and quantitative method to evalu-
ate the constituents of magnetic mineral assemblages
(e.g., Muxworthy et al. 2005; Roberts et al. 2014). We
apply principal component analysis (PCA) to a set of
FORC diagrams (Lascu et al. 2015; Harrison et al. 2018)
to unmix magnetic components. Combined with other
rock-magnetic proxies and TEM observations, we dis-
cuss the paleoceanographic implications of the magnetic
components identified in terms of eolian dust and bio-
genic magnetite variations.

Samples

Western North Pacific Ocean

About 50 sediment cores were taken with a piston corer
around Minamitorishima Island in the western North
Pacific Ocean under a research project of the Japan
Agency for Marine-Earth Science and Technology (JAM-
STEC) (Fujinaga et al. 2016; lijima et al. 2016; Tanaka
et al. 2020). Three cores were selected for this study: core
PCO06 taken during the R/V Kairei KR13-02 cruise, core
PCO01 of the R/V Mirai cruise MR13-E02 Leg 2, and core
PCO04 of the R/V Kairei KR14-02 cruise (Fig. 1). The posi-
tions, water depths, and lengths of these cores are listed
in Table 1. The cores consist of brown, dark brown, and
blackish-brown pelagic clay. Core KR13-02 PC06 has par-
ticularly dark color between ~ 1.5 and 6.7 m, while it has
brown and yellowish brown alternations below ~6.8 m.
The brownish colors indicate that at present the sedi-
ments are in oxidized conditions throughout the cores,
and that no OATZ occurs. Core photos are provided in
Additional file 1: Fig. S1, and visual core descriptions
are available at the Data and Sample Research System
for Whole Cruise Information (DARWIN) (2020) of
JAMSTEC.

A typical red clay section in this area was established
from lithology and geochemistry, and sediments from
individual cores are divided into chemostratigraphi-
cal Units (Tanaka et al. 2020) (Fig. 2). Although precise
ages have not yet been obtained because of the lack of
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Fig. 1 Location of the studied cores. a Piston cores in the western North Pacific Ocean. Star: Minamitorishima Island. b IODP Hole U1365A in the

Table 1 Position, water depth, and core lengths of the studied cores in the western North Pacific Ocean

Core ID Latitude Longitude Water depths (m) Core length (m)
KR13-02 PC06 21°51.01"N 153°59.98' E 5755 11.68
MR13-E02 Leg 2 PCO1 26°04.19'N 153°04.01" E 5936 12.90
KR14-02 PC04 26°4995'N 151°48.70' E 6031 443

calcareous and siliceous microfossils, the age of each unit
could be estimated roughly. Core MR13-E02 Leg 2 PC01
consists of Unit I, which is estimated to be of Quaternary
age from magnetostratigraphy (Additional file 1: Fig. S2).
Core KR14-02 PCO04 reaches Unit II. A sequence of mag-
netic polarity flips was recovered from this core, but it is
difficult to correlate the polarity sequence to the geomag-
netic polarity time scale (Additional file 1: Fig. S3). Core
KR13-02 PCO06 has a thin Unit I and reaches Unit V. Ohta
et al. (2020) reported an age model for nearby core KR13-
02 PCO5 based on osmium (Os) isotope ratios. Accord-
ing to the age model, the age of the first layer of high
REY content would be near the Eocene—Oligocene (E/O)
boundary. Intercore correlation between core KR13-
02 PCO05 and PCO6 based on REY contents and chem-
ostratigraphy (Fig. 2) suggests that Unit II is Oligocene to
Miocene in age and its lowest part would be near the E/O
boundary, although this part is not marked as the “Ist
YREY peak” in Tanaka et al. (2020), because the REY con-
tent is below their threshold as a REY-rich layer.

South Pacific Ocean
We also studied cores from Integrated Ocean Drilling
Program (IODP) Hole U1365A (Lat. 23° 51.00" S, Lon.

165° 38.70" W) (Fig. 1). Hole U1365A is located at the
western edge of the South Pacific Gyre. Red clay cores
of 75.5 m length accumulated above basaltic basement
with~125.5 Ma age were recovered with an advanced
piston corer (Expedition 329 Scientists 2011). Magneto-
stratigraphy was established only above~6 m in depth,
which spans the last~5 m.y. (Shimono and Yamazaki
2016). The Os-isotope age model of red-clay cores from
Deep Sea Drilling Project (DSDP) Hole 596 (Ohta et al.
2020), which is located ~400 km west of Hole U1365A,
and intercore correlation between Holes U1365A and
596 using magnetic susceptibility suggests ages around
the E/O boundary for Hole U1365A sediments from ~ 7.4
to 9 m (Additional file 1: Fig. S4).

Methods

FORC diagram

FORC diagrams map the distributions of coercivity (H,)
and magnetostatic interactions (H,) for the magnetic
particle assemblage in a sample, from which information
on domain states, grain sizes and shapes, mineralogy, and
spatial distribution of the constituents can be obtained
(Pike et al. 1999; Roberts et al. 2000, 2014). FORC dia-
grams are particularly useful for detecting biogenic
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Fig. 2 Chemostratigraphical Units of red clay cores from the western
North Pacific Ocean (Tanaka et al. 2020). Three cores studied here
(cores MR13-E02 Leg 2 PCO1, KR14-02 PC04, and KR13-02 PC06) and
nearby cores referred to in the text: cores KR13-02 PCO5 (Ohta et al.
2020) and MR15-EQ1 Leg 2 PC12 (Usui et al. 2017). REY profiles are
after lijima et al. (2016) and Fujinaga et al. (2016)

magnetite in sediments. A narrow peak elongated along
the coercivity axis at zero interaction field (H,=0), called
the “central ridge’, is considered to be diagnostic of intact
chains of biogenic magnetites in sediments (Chen et al.
2007; Yamazaki 2008; Egli et al. 2010; Li et al. 2012; Rob-
erts et al. 2012; Chang et al. 2014).

FORC measurements were conducted using alternat-
ing-gradient magnetometers (Princeton MicroMag 2900)
at the Atmosphere and Ocean Research Institute (AORI),
The University of Tokyo, and the Geological Survey of
Japan (GSJ), National Institute of Advanced Industrial
Science and Technology (AIST). Dried samples were cut
to suitable sizes (tens of milligrams) and leave stuck to a
probe with silicon grease. For samples of core KR13-E02
PCO06 (26 samples) and Hole U1365A (30 samples, partly
presented by Yamazaki and Shimono (2013) and Shimono
and Yamazaki (2016)), a total of 231 FORCs (191 FORCs
for Hole U1365A) were measured, with H, between 0 and
80 mT (60 mT for Hole U1365A), H, between — 15 and
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15 mT, and field spacing of 0.5 mT. The maximum applied
field was 1.0 T, and the averaging time for each measure-
ment point was 200 ms. For samples from cores MR13-
E02 Leg 2 PCO1 (n=9) and KR14-02 PC04 (n=7), 150
FORCs were measured, with H, between 0 and 100 mT,
H, between — 50 and 50 mT, and field spacing of 1.3 mT.

Application of PCA to a set of FORC diagrams (FORC-
PCA) was introduced by Lascu et al. (2015) and improved
by Harrison et al. (2018) as a quantitative method to
unmix a suite of FORC distributions into a linear combi-
nation of endmembers (EMs). It has become a powerful
tool in environmental magnetic studies (Channell et al.
2016; Roberts et al. 2018). The FORClinel software (Harri-
son and Feinberg 2008, version 3.05 in 2019) was used for
the analyses, and the VARIFORC algorithm of Egli (2013)
was used for smoothing (S,=4, S,,=3, S;;=S,,=7),
which provides smaller smoothing in regions near H,=0
and for areas with low coercivities and larger smooth-
ing for other regions. EMs can be visualized and selected
interactively using FORCinel. The contribution of each
EM to the total magnetization is completely independ-
ent. EM selection is not physically constrained, so we
need to choose rock-magnetically realistic EMs.

Ratio of ARM to SIRM
The ratio of anhysteretic remanent magnetization (ARM)
susceptibility (ksgpy) to saturation IRM (SIRM) is often
used as a proxy for magnetic grain-size variations, and
the k,p\/SIRM ratio decreases with increasing aver-
age magnetic grain size (Banerjee et al. 1981; King et al.
1982). kopp/SIRM is also sensitive to the relative abun-
dance of biogenic magnetite and terrigenous magnetic
minerals (Egli 2004a; Yamazaki 2008). This is because
the acquisition of ARM is sensitive to magnetostatic
interactions among magnetic grains (higher efficiency
for smaller interactions) and magnetostatic interactions
among individual chains of biogenic magnetites are
expected to be negligibly small; a chain of biogenic mag-
netites behaves as a single elongated uniaxial particle.
In pelagic environments, where grain-size variations of
sediments are expected to be small, k,z,/SIRM is con-
sidered to reflect mainly the relative abundance of terri-
genous magnetic minerals with stronger magnetostatic
interactions to biogenic magnetite with little interactions
(Yamazaki et al. 2013; Shimono and Yamazaki 2016).
karm/SIRM was measured for the studied cores from
the western North Pacific Ocean. After natural remanent
magnetization measurements, an ARM was imparted
with a peak alternating field of 80 mT and a direct-cur-
rent (DC) bias field of 0.1 mT to samples using cryogenic
magnetometer systems (2G Enterprises model 760) at the
GSJ and the Center for Advanced Marine Core Research,
Kochi University. kzpy Was calculated by normalizing the
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measured ARM intensity by the strength of the DC field.
An IRM was imparted in a 2.5 T inducing field using
pulse magnetizers (2G Enterprises model 660 at GSJ and
Magnetic Measurements MMPM-10 at AORI). Here the
IRM acquired in a 2.5 T field is regarded as SIRM. The
IRMs were measured using spinner magnetometers
(Natsuhara-Giken SMM-85 at GS] and Natsuhara-Giken
A-Spin at AORI).

TEM observations

Although FORC-PCA is a quantitative method, it still
only provides an indirect way to detect magnetic mineral
composition in sediments. Using a TEM, we can confirm
the occurrence of biogenic magnetite from their charac-
teristic morphologies (octahedron, hexagonal prism, and
bullet shape) and grain sizes, which are restricted within
the narrow single-domain (SD) range (tens of nanom-
eters) (Kopp and Kirschvink 2008).

Magnetic minerals extracted from core KR13-02 PC06
were observed using a TEM. To extract magnetic miner-
als, sediments were first dispersed in distilled water with
sodium hexametaphosphate using an ultrasonic bath,
and magnetic minerals were collected by circulating the
dispersed sediments through a high magnetic-field gra-
dient. The magnetic extracts were dispersed in ethanol,
and a small drop of the suspension was subsequently
dried on a carbon-coated copper grid. A TEM (JEOL
JEM-1400) at AORI, operated at 120 kV, was used for
the observations. From morphologies observed in TEM
images, magnetofossils were classified into three groups:
bullet shape, elongated, and equant. The elongated group
consists mainly of hexagonal prisms and elongated octa-
hedra. The equant group is represented by cubo-octahe-
dra, although short hexagonal prisms with length/width
ratios close to one are also included in this group. About
one hundred grains were counted for each sample.

Results

Core KR13-02 PC06, western North Pacific Ocean

FORC diagrams for core KR13-02 PC06 samples consist
of a central ridge and a broader component with large
vertical spread, which has outer contours that diverge
from the H,=0 line (Fig. 3). The central ridge component
represents a population of non-interacting SD grains.
The broad component is considered to be carried by a
mixture of SD grains with strong magnetostatic interac-
tions and grains in a vortex state. The broad component
becomes small below ~ 2.7 m in the core.

The results of FORC-PCA applied to 26 samples are
shown in Fig. 4a, in which squares represent PCA scores
for individual samples on the principal component PC1-
PC2 plane. Data variance of ~87% can be explained by
the two PCs. The triangular region on this plane (dashed
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lines) defines a three-EM system. The three EMs were
selected manually. The arrow indicates a general down-
core trend. FORC diagrams of the three EMs are shown
in Fig. 4b. EM1 has an elliptical peak centered at H,= ~15
mT on the H, =0 axis with significant vertical spread,
and does not contain a central ridge. EM1 represents
the component carried by interacting SD/vortex grains.
We interpret this endmember as a terrigenous magnetic
component consisting of aggregated SD grains and/or
grains larger than SD. This may also include collapsed
chains of biogenic magnetite (Li et al. 2012; Harrison
and Lascu 2014). EM2 and EM3 have a central ridge and
a small negative region near the vertical (H,) axis below
zero, which represents the non-interacting SD com-
ponent (Muxworthy et al. 2004; Newell 2005; Egli et al.
2010). The coercivity distribution of EM2 has a peak
at~15 mT and tails to~60 mT, and that of EM3 has a
peak at~30 mT and tails to>80 mT. We interpret these
two EMs to represent intact biogenic magnetite chains
with different coercivity distributions.

Downcore variations in the proportion of the three
EMs and the magnetizations carried by them, which
were calculated from SIRM and the respective EM pro-
portions, are shown in Fig. 5 with k,;\/SIRM varia-
tions. Note that the measured FORC coercivity range
of the EMs is from 0 to 80 mT; components with coer-
civity>80 mT (generally 10% or less of the total mag-
netization) may not be represented by these EMs. The
terrigenous component (EM1) contribution suddenly
increases upcore at~2.7 m, whereas the magnetizations
carried by the biogenic components (EM2 and EM3) do
not change much. The terrigenous component becomes
dominant (>70%) above~2.7 m, which is synchronous
with a large kypy/SIRM decrease. An increased EM1
proportion between~5 and 6.7 m also accompanies a
karm/SIRM decrease. These observations confirm that
karm/SIRM is sensitive to changes in the proportion of
terrigenous to biogenic magnetic components. kypp/
SIRM values between ~2.7 and 4.5 m and below ~6.5 m,
which ranges from~2.5 to 3 x 107> m/A, are the high-
est among reported values for various Pacific deep-sea
sediments (Yamazaki et al. 2013; Sakuramoto et al. 2017;
Yamazaki and Yamamoto 2018). About 70% or more of
SIRM is carried by biogenic magnetite in these intervals.
The proportion of the higher coercivity biogenic com-
ponent (EM3) increases significantly from~20 to 60%
within an interval from ~ 6.7 to 8.2. SIRM also increases
significantly in this interval. The SIRM increase is due
mainly to the increased EM3 contribution, although EM1
also increases somewhat in this interval.

To understand the different coercivity distributions of
EM2 and EM3, magnetic minerals extracted from the
sediments were observed with a TEM. Magnetofossils
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Fig. 4 Principal component analysis (PCA) of first-order reversal curve (FORC) diagrams for core KR13-02 PCO6. a Distribution of 26 FORC data
(squares) on the principal component PC1-PC2 plane. Triangular dashed lines define a three-endmember (EM) system, and the arrow indicates the

are abundant throughout the core (Fig. 6a, b). The pro-
portion of bullet-shaped magnetofossils is larger in the
depth interval with a larger proportion of EM3 (Fig. 6b,
d). Conversely, equant magnetofossils dominate mag-
netic extracts from other depths (Fig. 6a, c). We, thus,
conclude that EM3 is carried by anisotropic biogenic
magnetite particles (bullet shape and elongated), and
EM?2 is carried by equant biogenic magnetite particles
with mainly octahedral morphology. The different shape
anisotropy of the different magnetofossil morphologies is
the likely cause of the coercivity differences between EM2
and EM3 (Berndt et al. 2020). EM2 and EM3 may corre-
spond to the biogenic soft (BS) and biogenic hard (BH)
components of Egli (2004a), which are defined based on
coercivity component analyses of ARM/IRM acquisition/
decay curves. However, the coercivities of EM2 and EM3
are lower than those of the BS and BH components of
Egli (2004a), respectively. The cause of the difference is
not clear, but it might be due to complete oxidization of
magnetofossils under oxic conditions and to potentially

different axial ratios for bullet-shaped magnetofossils for
EM3 (Ge et al. 2014; Usui et al. 2017).

Cores MR13E-02 Leg 2 PC0O1 and KR14-02 PC04, western
North Pacific Ocean

FORC diagrams of samples from cores MR13-E02 Leg 2
PCO01 and KR14-02 PCO04 contain a central ridge that rep-
resents non-interacting biogenic SD grains and a broader
component with large vertical spread, which is carried
by interacting SD/vortex grains of presumably terrig-
enous origin (Additional file 1: Fig. S5). FORC distribu-
tions for all samples are almost the same as each other,
which means that there is no significant magnetic min-
eral composition change either between the two cores or
at different depths of each core. We analyzed data from
the two cores together with those for core KR13-02 PC06
by FORC-PCA. As expected from the minor variability in
FORC diagrams, the data points from the two cores form
a tight cluster (Fig. 7), while those for core KR13-02 PC06
define a plane similar to the FORC-PCA results of core
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KR13-02 PCO6 alone (Figs. 4, 7). Moreover, data points
for the two cores are distributed near EM1-dominant
samples of core KR13-02 PCO06 (Fig. 7). This suggests that
the magnetic mineral compositions of the two cores are
similar through their entire depth to that above ~2.7 m of
core KR13-02 PC06, where the terrigenous component
dominates.

kprm/SIRM for cores MR13-E02 Leg 2 PCO01 and KR14-
02 PC04 ranges from ~0.3 to 0.6 x 107> m/A and ~0.9 to
1.5x 107® m/A, respectively (Additional file 1: Figs. S2
and S3). These values are similar to those of core KR13-
02 PCO06 above ~2.7 m. This confirms the dominance of
the terrigenous component in the former two cores.

I0ODP Hole U1365A, South Pacific Ocean

All 30 FORC diagrams for samples from Hole U1365A
have a central ridge that represents the existence of bio-
genic magnetite intact chains (Additional file 1: Fig. S6),
as reported by Yamazaki and Shimono (2013) and Shi-
mono and Yamazaki (2016). Above ~8 m, a broader com-
ponent with large vertical spread is also important in
addition to the central ridge (Additional file 1: Fig. S6).
From FORC-PCA, a two-EM system is defined in a sin-
gle PC space (Fig. 8a). The data variance explained by the

single PC is not high, ~65%. However, adding PCs only
increased slowly the variance explained. The arrow indi-
cates a general downcore trend from near EM1 toward
EM2. The FORC diagram for EM1 has an elliptical peak
with a significant vertical spread (Fig. 8b). The outer con-
tours diverge from the H,=0 axis, and elliptical closed
contours peak at about H=~15 mT on the H,=0 axis.
Another characteristic of EM1 is a peak close to the ori-
gin of the FORC diagram, which indicates the occurrence
of superparamagnetic (SP) grains (Pike et al. 2001). We
interpret EMI1 as a terrigenous component constituting
of a mixture of interacting SD/vortex and SP grains. The
contribution of SP grains was not observed for the ter-
rigenous component (EM1) of core KR13-02 PC06 from
the western North Pacific. The representative FORC
diagram for EM2, on the other hand, has a central ridge
with no vertical spread and a small negative region near
the vertical (H,) axis below zero (Fig. 8b). We interpret
this as a biogenic magnetite component. The coercivity
distribution of EM2 at Hole U1365A is similar to that of
the lower coercivity biogenic component (EM2) of core
KR13-02 PCO06 in the western North Pacific. Equant octa-
hedra comprise the dominant magnetofossil morphol-
ogy in Hole U1365A sediments (Yamazaki and Shimono
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2013), which is consistent with the coercivity distribution
of EM2.

Downcore variations in the proportion of the two EMs
and the magnetization carried by them, which were cal-
culated from the respective EM proportions and SIRM,
are shown in Fig. 9 with k,p\/SIRM variations (Shi-
mono and Yamazaki 2016). The contribution of the ter-
rigenous component (EM1) suddenly increases upward
at~8 m, which is accompanied by a k,zp/SIRM drop.
A gradual increase of the proportion of EM1 with depth
below~20 m is also accompanied by a kjpy/SIRM
decrease. These observations again confirm that the
karm/SIRM variations are due to changes in the propor-
tion of biogenic to terrigenous magnetic components.

Discussion

In the western North Pacific Ocean, three EMs, a detri-
tal (EM1) and two biogenic components with lower and
higher coercivities (EM2 and EM3, respectively), were

identified from FORC-PCA. The EMI1 contribution
increases abruptly upcore at~2.7 m in core KR13-02
PCO06, where the contributions of EM2 and EM3 to SIRM
do not undergo significant changes. Consistency between
the results of FORC-PCA and kypy;/SIRM confirms that
karm/SIRM is a proxy for the proportion of biogenic
to terrigenous magnetic components. The horizon in
which the terrigenous component increases is close to
the boundary between chemostratigraphical Units II and
II1, and its age is estimated to be around the E/O bound-
ary (Fig. 2) (Ohta et al. 2020; Tanaka et al. 2020). FORC
distributions for samples from cores MR13-E02 Leg 2
PCO01 and KR14-02 PCO04 indicate that magnetic mineral
compositions are similar to those of core KR13-02 PC06
above ~2.7 m, and the ages of the former two cores are
estimated to be Quaternary and Oligocene to Miocene,
respectively. This suggests that the enhanced eolian input
around the E/O boundary has continued through the Oli-
gocene to Quaternary.
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An increased terrigenous component also occurred in
the South Pacific Ocean. FORC-PCA of Hole U1365A
sediments identified terrigenous and biogenic EMs, and
the terrigenous contribution increases upcore at~8 m.
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This result supports the previous rock-magnetic study of
Hole U1365A by Shimono and Yamazaki (2016), which
was based mainly on IRM component analyses and k,pp;/
SIRM. The age of the increase at~8 m is estimated to
be around the E/O boundary (Additional file 1: Fig. S4).
The terrigenous component of Hole U1365A includes
ultrafine SP grains, which is not obvious in the west-
ern North Pacific cores. The difference in the grain-size
distributions would reflect differences in the sources
of detrital components and transportation processes
between the western North Pacific and South Pacific
Oceans.

The terrigenous component increases observed in core
KR13-02 PCO06 from the western North Pacific and Hole
U1365A in the South Pacific may be due to tectonic drift
of the two sites with Pacific plate motion into the regions
influenced by the northern and southern hemisphere
westerlies, respectively. It is known that eolian dust from
arid Asian continental regions is the major source of ter-
rigenous material to the North Pacific (Rex and Gold-
berg 1958; Blank et al. 1985), and a significant eolian dust
flux increase occurs at around 20° N latitude and north
at present (Rea et al. 1994; Uematsu et al. 2003; Mahow-
ald et al. 2005). In addition, Yamazaki and Ioka (1997)
reported that the proportion of high-coercivity magnetic
minerals like hematite and goethite of presumably ter-
rigenous origin increases between~15 °N and 20 °N in
surface sediments in a transect along 175° E longitude.
Movement of the core KR13-02 PCO06 site calculated with
the GPlates software (Seton et al. 2012) is consistent with
the scenario of entering a high eolian flux region; the site
was located at~16° N at the estimated age of the terrig-
enous increase, ~ 35 Ma (Fig. 10). For South Pacific Hole
U1365A, the eolian dust source is considered to be Aus-
tralia, which has the widest arid and semiarid areas in the
southern hemisphere and is located windward of the site
(Li et al. 2008; Stancin et al. 2008; Dunlea et al. 2015; Usui
et al. 2018). Shimono and Yamazaki (2016) interpreted
the terrigenous component increase at Hole U1365A as
due to northward drift of Australia and the site to an arid
middle latitude region in the Oligocene to Miocene.

Alternatively, the terrigenous increases in both the
western North Pacific and South Pacific may represent
a global cooling event. Eolian deposition in the ocean is
controlled by global climate, including precipitation in
eolian source regions and atmospheric circulation inten-
sity (e.g., Rea 1994; Zhang et al. 2020). It is well docu-
mented that eolian dust flux increased since ~ 3 Ma in the
North Pacific in response to northern hemisphere cool-
ing (Rea 1994; Rea et al. 1998). Within the uncertainty of
the age estimations of the red clay cores, the terrigenous
increases recorded in both the western North Pacific and
South Pacific may be coeval, and hence related to a single
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global paleoclimatic event. A possible candidate for such  deposition was reported to have occurred in the Asian
an event would be global cooling at the E/O bound- continent at the E/O boundary (Dupont-Nivet et al. 2007;
ary (Zachos et al. 2001). Increased aridity and eolian  Li et al. 2018; Wasiljeff et al. 2020).
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TEM observations of samples from core KR13-02 PC06
from the western North Pacific demonstrate that the
proportion of bullet-shaped magnetofossils is larger in
the ~ 6.7 to 8.2 m interval, where the contribution of EM3
is larger. Except for this interval, the dominant magneto-
fossil morphology in this core is equant octahedra, which
is consistent with previous observations of sediments
from oxic environments (Yamazaki and Shimono 2013;
Sakuramoto et al. 2017; Yamazaki and Yamamoto 2018).
Usui et al. (2017, 2019) also reported a depth interval
with a higher proportion of bullet-shaped magnetofossils
in another red clay core taken in the vicinity (core MR15-
EO1 Leg 2 PC12). The respective intervals of the two
cores are commonly within Unit V (Fig. 2), although it is
not known whether they are coeval. These results suggest
that the predominance of bullet-shaped magnetofossils
occurred widely in red clay of the western North Pacific.

Previous studies have suggested that biogenic mag-
netite morphology can be a paleoenvironmental indi-
cator (Hesse 1994; Yamazaki and Kawahata 1998; Egli
2004b; Yamazaki and Ikehara 2012; Chang et al. 2018).
Magnetofossils with equant octahedral morphology are
ubiquitous in oxic sediments (Yamazaki and Ioka 1997;
Yamazaki and Shimono 2013; Yamazaki and Horiuchi
2016; Sakuramoto et al. 2017; Usui et al. 2017; Yamazaki
and Yamamoto 2018). On the other hand, Yamazaki et al.
(2019) proposed that magnetotactic bacteria that pro-
duce bullet-shaped magnetosomes prefer chemical con-
ditions within the OATZ. Thus, the depth interval of ~ 6.7
to 8.2 m would have been in the OATZ during deposi-
tion, although the studied red-clay core is now in oxic
conditions throughout its entire depth. Biological pro-
ductivity is higher near the equator than in middle lati-
tudes, so the OATZ can be shallow in a sediment column
near the equator. Hence, the dominance of bullet-shaped
magnetofossils may be an indicator of the timing during
which the site was in paleo-equatorial regions. According
to the paleopositions calculated with the GPlates soft-
ware (Seton et al. 2012), the core KR13-02 PCO06 site was
located within 5° latitude of the equator between ~ 70 and
85 Ma (Fig. 10).

Conclusions
Our rock-magnetic analyses and TEM observations of
red-clay cores from the western North Pacific and at
Hole U1365A in the South Pacific lead to the following
conclusions.

1. Magnetic endmembers that represent terrigenous
and biogenic components were identified by FORC-
PCA unmixing. The terrigenous component, which
is considered to be transported as eolian dust, sud-
denly increased in both hemispheres. The age of the
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increase is estimated to be around the E/O boundary.
The terrigenous increase at the two sites may have
resulted from tectonic drift of the sites with Pacific
plate motion into regions influenced by the northern
and southern hemisphere westerlies, respectively.
Alternatively they may be related to global cooling at
the E/O boundary.

2. Two biogenic EMs with different coercivity distribu-
tions were identified with FORC-PCA in the western
North Pacific core. The higher coercivity EM has a
higher proportion of bullet-shaped magnetofossils,
and the contribution of this EM increases in a certain
depth interval of the core. Although the core is now
under oxic conditions throughout its entire depth,
the sediments of this interval were in the OATZ,
likely because the sediments were deposited within
a high productivity equatorial zone. The increased
abundance of bullet-shaped magnetofossils in red
clay may be an indicator of its formerly paleo-equato-
rial position.
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