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1.  Introduction
Magnetofossils, fossils of bacterial magnetosomes preserved in sediments and sedimentary rocks, are po-
tential environmental proxies. Their widespread occurrence and ferromagnetism offer particular advantag-
es. Magnetic bacteria and magnetofossils have been found in environments where few other fossils exist 
(Lefèvre et al., 2010, 2011; Yamazaki & Shimono, 2013), including controversial “fossils” in a Martian mete-
orite (McKay et al., 1996; Thomas-Keprta et al., 2000, 2001). Magnetosomes typically contain chain(s) of bi-
ogenic magnetite or greigite (e.g., Bazylinski & Frankel, 2003; Uebe & Schüler, 2016), although some species 

Abstract  Magnetic detection and classification of magnetofossils have been proposed as potential 
tools for paleoenvironmental studies. Magnetosomes in bacterial species living in different environmental 
conditions exhibit different grain morphologies and chain configurations, which determine their magnetic 
properties. Recently, abundant magnetofossils have been reported from unfossiliferous pelagic red 
clay. However, little is known about their geometry and magnetic properties. Here we report very low 
coercivity biogenic magnetite in red clay from Ocean Drilling Program (ODP) Site 777 in the northern 
Mariana Basin. Analyzed sediment showed non-interacting, stable single-domain-like magnetic behaviors. 
Acquisition of isothermal remanence was decomposed into five components, and a component with 
mean coercivity below 10 mT accounted for around 25 % of the remanence in some samples. Based on 
comparisons with semi-quantitative transmission electron microscopy observations of magnetic extracts, 
this component appears to be carried by octahedral grains with size and shape very similar to biogenic 
magnetite in red clay from other sites. Micromagnetic calculations indicated that isolated maghemite 
octahedra may be responsible for the observed low coercivity component. Based on these results, we 
conclude that the low coercivity component represents non-chained biogenic magnetite that has been 
oxidized to maghemite. The crystal morphology, geological setting, and lithology do not suggest unusual 
environmental conditions for ODP Site 777, so the relative amount of chained versus non-chained grains 
may represent subtle environmental differences. We suggest that non-chained magnetofossils may be 
widespread in deep-sea sediments. Some methods could overlook the presence of non-chained magnetite, 
affecting the identification and quantification of magnetofossils.

Plain Language Summary  A group of bacteria called “magnetic bacteria” produce chains of 
magnetite crystals inside their cells. Magnetic bacteria navigate along the geomagnetic field using these 
magnetite crystals. Magnetic bacteria have been found in a variety of environments in lake and marine 
sediments. Recently, bacterial magnetite has also been found to be abundant in deep-sea sediment, where 
supply of organic matter is very low. However, we do not know what kind of magnetic bacteria produces 
the magnetite in such an environment. To investigate the diversity of the deep-sea bacterial magnetite, 
we analyzed sediment from the northern Mariana basin using magnetic measurements, microscopic 
observations, and computer simulations. We found that non-chained bacterial magnetite account for tens 
of percent of magnetite in the sediment. Although magnetic bacteria that produce non-chained magnetite 
are known, this is the first time such magnetite has been found in natural sediment in a large quantity. 
Our results indicate that in the deep-sea there is a greater diversity of magnetic bacteria than previously 
thought.
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produce non-chained intracellular grains (Li, Menguy, et al., 2020; Liu et al., 2021). Empirically, different 
species produce different grain morphologies and chain configurations (e.g., Lefèvre & Bazylinski, 2013; Li, 
Menguy, et al., 2020), so they may be paleoenvironmental indicators. Magnetofossils can be characterized 
quantitatively in bulk samples by magnetic methods. A single magnetofossil chain behaves similarly to a 
non-interacting stable single-domain (SSD) magnetic grain (e.g., Dunin-Borkowski et al., 1998; Moskowitz 
et  al.,  1993). This characteristic helps distinguish magnetofossils from detrital and diagenetic magnetic 
particles (e.g., Egli et  al.,  2010; Kopp & Kirschvink,  2008). Moreover, the effective magnetic anisotropy 
of magnetosomes depends on the grain morphology and chain configuration (length, grain spacing, crys-
tallographic orientations, etc.). Magnetic anisotropy controls bulk magnetic properties such as coercivity. 
Magnetic methods complement direct microscopic observations where the chain configuration is difficult 
to resolve. In particular, recent advances in micromagnetic calculations provide means to simulate the mag-
netic behaviors of chains using grain morphologies obtained by microscopy (Chang et al., 2018; Gandia 
et al., 2020; Harrison & Lascu, 2014).

Magnetofossils from different (paleo) environments exhibit different grain morphologies and magnetic 
properties. Several studies have indicated that more isotropic biogenic magnetite dominates under less re-
ducing conditions (Chang et al., 2018; He & Pan, 2020; Hesse, 1994; Yamazaki & Kawahata, 1998). This 
observation is consistent with the spatial distribution of magnetic bacteria in surface sediments, where bac-
teria producing teardrop-shaped magnetite have been found near the oxic-anoxic transition zone (Yamazaki 
et al., 2019). On the other hand, in a contourite drift, more isotropic magnetofossils were observed when 
the organic carbon flux was high (Lean & McCave, 1998). Based on data from lake and marine sediments, 
Egli (2004) suggested that there are generally two coercivity components of magnetofossils; biogenic soft 
(BS) and biogenic hard (BH). The mean coercivities of BS and BH are around 40–50 mT and 60–80 mT, re-
spectively. BS and BH often correlate with isotropic and elongated biogenic magnetite, respectively (Lascu 
& Plank, 2013; Yamazaki, 2012; Yamazaki & Ikehara, 2012). Egli (2004) also showed that magnetofossils in 
marine sediments generally have lower coercivity than those in lake sediments, although the number of 
marine samples considered in this comparison was limited.

Magnetic measurements of whole-cell magnetic bacteria show a broader range of coercivities that depends 
on both species and environmental conditions (Li, Menguy, et al., 2020, and references therein). The lowest 
observed coercivity of remanence (Hcr) is μ0Hcr ≈ 10 mT (Li et al., 2012), where μ0 is the magnetic constant. 
We can estimate the lower limit of the coercivity by considering an ensemble of spherical grains. The hys-
teresis properties of SSD grains with cubic magnetic anisotropy were numerically evaluated by Joffe and 
Heubregbr (1974); Hcr was:
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where K1 is the first-order anisotropy constant and Ms the saturation magnetization. Substituting the 
properties of magnetite (Ms  =  480  kA/m and K1  =  −13.5  kJ/m) and maghemite (Ms  =  375  kA/m and 
K1 = 4.7 kJ/m) gives μ0Hcr = 11.5 and 8.3 mT, respectively. These values suggest that the lowest coercivity of 
magnetic bacteria (Li et al., 2012), which was reported for microaerophilic M. magneticum AMB-1 cultured 
under oxic conditions, was due to the presence of non-chained, isotropic grains. This inference is consistent 
with microscopic observations of bacterial cells (Olszewska-Widdrat et al., 2019).

Several studies have shown that pelagic clayey sediment (so-called red clay) contains abundant magnetofos-
sils (Shimono & Yamazaki, 2016; Usui et al., 2017, 2019; Yamazaki & Ioka, 1997; Yamazaki & Shimono, 2013; 
Yamazaki et al.,  2020). Red clay is deposited in oligotrophic regions below the carbonate compensation 
depth, and is generally barren of microfossils. Magnetofossils are promising indicators of paleoenvironment 
in such sediment. Furthermore, red clay is oxic, while many magnetic bacteria are microaerophilic to an-
aerobic (e.g., Bazylinski & Williams, 2006; Faivre & Schuler, 2008; Lefèvre & Bazylinski, 2013). Therefore, 
the magnetofossils in red clay may be produced by unknown species or under high-stress conditions. The 
reason bacteria in red clay produce magnetosomes is unclear because magnetotaxis along the geomagnetic 
field is unlikely to be advantageous in oxic sediment (Yamazaki & Shimono, 2013). Existing data indicate 
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that the major morphotype of biogenic magnetite in red clay is isotrop-
ic (octahedral) (Shimono & Yamazaki, 2016; Usui et al., 2017; Yamaza-
ki & Shimono, 2013; Yamazaki et al., 2020); occasionally bullet-shaped 
magnetite dominate (Usui et al., 2017; Yamazaki et al., 2020), possibly 
reflecting less-oxic conditions (Yamazaki et  al.,  2019). Octahedral and 
bullet-shaped magnetofossils in red clay are characterized by a mean 
coercivity of 15–25  mT and 30–40  mT, respectively (Usui et  al.,  2017; 
Yamazaki et al., 2020). These coercivities are clearly lower than the BS 
and BH components (Egli, 2004), respectively. This difference may be due 
to pervasive maghemitization, but may also reflect differences in species 
or environmental stresses. However, the number of studies of magneto-
fossils in red clay is still small, and it is unclear whether the data are 
globally representative.

Magnetic minerals in pelagic sediment have also been used to study eo-
lian inputs. In the central North Pacific, the relative concentration of bi-
ogenic magnetite to detrital magnetic minerals decreased from ∼2.6 to 
1 Ma (Yamazaki & Ioka, 1997), which has been attributed to the increased 
eolian flux from East Asian deserts. Zhang and Liu (2018) argued that the 
signals of detrital magnetic minerals may be obscured by volcanic and 
biogenic magnetite. They estimated the concentration of high coerciv-
ity antiferromagnetic minerals (i.e., hematite and goethite) through re-
flectance measurements at Ocean Drilling Program (ODP) Site 885/886. 
Their data suggest a stepwise increase in eolian flux at around 2.6 Ma, su-
perimposed on a generally increasing trend from ∼3.5 to 2.5 Ma (Zhang 
& Liu, 2018; Zhang et al., 2020). This is consistent with the eolian flux 
estimated by chemical leaching at the same site (Rea et al., 1998). With 
respect to longer term variation, Yamazaki et al. (2020) proposed a sharp 

decrease in the relative concentration of biogenic magnetite near the Eocene-Oligocene boundary. This may 
be related to global cooling and increased eolian flux at that time. Such a trend is not fully consistent with a 
long-term record of eolian flux from the central Pacific (Janecek & Rea, 1983), which suggests an increase 
from ∼25 Ma, but this inconsistency may be due to the age uncertainties (Usui & Yamazaki, 2021).

This study reports the variation in magnetic components in sediment from ODP Site 777 in the western 
North Pacific. We identify a previously unrecognized low coercivity mineral component and constrain its 
biogenic origin using magnetic and microscopy observations.

2.  Materials
ODP Site 777 is located in the northern Mariana Basin at 17°42.2′N, 148°41.8′E (Figure 1) (Shipboard Engi-
neering and Scientific Parties, 1990). The site location coincides with Deep Sea Drilling Project (DSDP) Site 
452. Unconsolidated sediment was recovered almost continuously at Hole 777B, and we studied samples 
from this Hole. Sediment from Hole 777B was divided into two lithostratigraphic units, Unit I (0–30.4 m) 
and Unit II (30.4–36.7 m); Unit I was subdivided into Subunit IA (0–3.5 m) and Subunit IB (3.5–30.4 m). 
Subunit IA is biosiliceous clay, with the siliceous fossil content decreasing with depth. Subunit IB is brown 
hemipelagic clay. Unit II is pelagic light brown clay interlayered with dark brown clay. Shipboard paleomag-
netic results suggested that Unit I was deposited during ∼12–0 Ma with the sedimentation rate increasing 
from 0.6 mm/kyr at the bottom to 8 mm/kyr at the top (Shipboard Engineering and Scientific Parties, 1990). 
Unit II also shows possible geomagnetic reversals; however, the boundary between Units I and II may be a 
hiatus, so the age of Unit II is unclear. Unit II is underlain by chert, and chert from DSDP Site 452 was dated 
as Campanian based on radiolarians (Kling, 1982).

Samples were taken from Hole 777B every ∼25 cm using 20 cm3 plastic scoops (2 cm width). We separated 
about 1 cm3 of wet sediment from each sample for this study, so depths have a 2 cm uncertainty.
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Figure 1.  Map showing Ocean Drilling Program (ODP) Site 777 and the 
reference site Minamitorishima Island. The figure was produced by GMT6 
(Wessel et al., 2019). The background topography is ETOPO1 (Amante & 
Eakins, 2009).
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3.  Methods
3.1.  Rock Magnetism

We placed sampled wet sediment into plastic cubes for magnetic measurements. Anhysteretic remanence 
(ARM) was imparted and measured using a pass-through cryogenic magnetometer (2G Enterprises Model 
755R) with in-line coils. The peak alternating field was 80 mT, and the DC field was 0.1 mT. The decay rate of 
the alternating field was controlled by the software package 2G Long Core using the parameters; degaussing 
velocity: 8 and ramp rate: 3. Saturation isothermal remanence (SIRM) was imparted at 2.7 T using a pulse mag-
netizer (2G Enterprises Model 660) and measured with a spinner magnetometer (Natsuhara Giken, ASPIN). 
The ratio of the susceptibility of ARM to SIRM (kARM/SIRM) was calculated. kARM/SIRM reflects both grain 
size and magnetostatic interactions (Cisowski, 1981). In pelagic sediments, high kARM/SIRM often reflects low 
magnetostatic interactions caused by abundant magnetofossils (Usui et al., 2017; Yamazaki, 2008; Yamazaki 
& Shimono, 2013).

Hysteresis was measured using a vibrating sample magnetometer (VSM: Princeton Measurements Mod-
el 29/3902). Major loops were measured between ±1 T to estimate the ratio of saturation remanence to 
saturation magnetization (Mrs/Ms) and coercivity (Hc). The loops were processed with HystLab (ver. 1.0.1; 
Paterson et al., 2018) for loop centering, drift correction, and paramagnetic correction. Paramagnetic correc-
tions were based on high field linear slope subtraction. Backfield demagnetization of isothermal remanence 
(IRM) imparted by 1 T was measured to estimate Hcr.

We estimated IRM coercivity components using Max UnMix (ver. August-1-2019; Maxbauer et al., 2016). 
The backfield demagnetization curves were interpolated using cubic splines and rescaled to provide nor-
malized IRM acquisition curves. The gradient of IRM acquisition curves was decomposed into a collection 
of skewed normal distributions; w (B; Bh, DP, S) (Egli, 2003; Fernández & Steel, 1998). Parameter Bh controls 
the location of the distribution, DP the dispersion, and S the skewness (S < 1 for right-skewed distribu-
tions). The contribution (OC) of each component in a sample is defined as:

   
1T
0IRM(1T) ( )i i

i
c OC w B dB� (2)

where the scaling factor c is determined so that the sum of OC is 1. Before processing, we removed data 
points at ∼31.6, ∼33.6, ∼100.4, ∼105.7, and ∼111.1 mT because of systematic jumps in the magnetization 
that we suspected to be machine errors. The results of Max UnMix are sensitive to the initial fits. Thus, we 
used principal component analysis (PCA) of the IRM acquisition curves to constrain initial fits. PCA is one 
of the so-called unsupervised unmixing, which derives fixed endmembers from sample data to describe 
the behavior of a set of samples (Heslop, 2015). More sophisticated unsupervised methods are sometimes 
used to estimate physically realistic endmembers (Heslop & Dillon, 2007), but here we used simple PCA, as 
we only need initial fits for Max UnMix. We extrapolated trends in the principal component (PC) space to 
estimate mixture endmembers. Endmembers were decomposed using Max UnMix to obtain skewed normal 
components. We used these skewed normal components, with slight adjustments for each sample, as initial 
fits to decompose the IRM acquisition curves.

First-order reversal curves (FORCs) were also measured on the cube samples using the VSM. Measurements 
were conducted with the parameters; Hb1: −15 mT, Hb2: 15 mT, Hc1: 0 mT, Hc2: 80 mT, Hsat: 500 mT, and 
field steps of 0.5 mT (231 FORCs). FORC distributions (Pike et al., 1999; Roberts et al., 2000) were estimated 
and analyzed using VARIFORC (ver. 4.02; Egli, 2013) with smoothing parameters; sb0 = 4, sc0 = sb1 = sc1 = 5, 
and λb = λc = 0.1 and a central ridge vertical offset of 0.3 mT. For complete FORC parameters, see the data 
availability statement. After the magnetic measurements, selected samples (∼1 in 2) were freeze-dried and 
weighed to calculate mass-normalized SIRM and kARM.

3.2.  Microscopy

Magnetic mineral extracts of one sample from each of Unit I (18.5 m) and Unit II (35.5 m) were investi-
gated with a transmission electron microscope (TEM). We tested two extraction methods. The first was to 
circulate the dispersed sediments through a high magnetic field gradient, referred to here as the “circulation 
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method.” The second was the “magnetic finger” method (Kirschvink et al., 1992; Petersen et al., 1986; Von 
Dobeneck et al., 1987). For comparison, we also performed extractions on a red clay sample taken proximal 
to Minamitorishima Island (KR13-02 PC06, 6.525 m) (Yamazaki et al., 2020). We evaluated extraction effi-
ciency by comparing SIRM of bulk specimens and extracts; it was around 40 % for the circulation method. 
The efficiency of the magnetic finger method was 61 % for the Unit I sample, 64 % for the Unit II sample, 
and 68 % for the sample from Minamitorishima Island. The magnetic extracts were dispersed in ethanol. A 
small drop of the suspension was dried on a carbon-coated copper grid and analyzed using a TEM operated 
at 120 kV (JEOL JEM-1400) at the Atmosphere and Ocean Research Institute, The University of Tokyo. 
We identified biogenic magnetite based on characteristic morphology (octahedron, hexagonal prism, or 
bullet) and grain sizes restricted to the SSD range of magnetite (Kopp & Kirschvink, 2008). To evaluate 
grain morphology quantitatively, we measured the length and width of ∼400–1,000 grains of biogenic mag-
netite in each sample. The morphology measurements were performed on the extract prepared by the cir-
culation method. Further, we also examined the 35.5 m sample extracted by the magnetic finger method. 
We assigned biogenic magnetite into three categories: isotropic (width/length  >  0.7), elongated (width/
length < 0.7), and bullet-shaped. Because magnetization depends on total volume rather than the number 
of grains, we estimated the volume distribution as  3( ) ( )i i iq s p s s , where s is the size of a grain defined as 
(width + length)/2, si is the mean size for a bin, and p is the frequency distribution of s.

3.3.  Ferromagnetic Resonance

Ferromagnetic resonance (FMR) is sensitive to the magnetic anisotropy of SSD particles, and it has been 
used to detect and classify magnetofossils (e.g., Blattmann et al., 2020; Kopp et al., 2006; Kumagai et al., 2018; 
Usui et al., 2019; Weiss et al., 2004a). We measured FMR on one Unit II sample (36.5 m). Dried sediment 
was packed into a quartz tube and measured using a spectrometer (JEOL JES-RE2X) at the Department of 
Chemistry, Tohoku University. The microwave frequency was about 9.4 GHz (X-band), and the power was 
1.0 mW. The applied magnetic field ranged from 0–800 mT.

3.4.  Micromagnetic Simulations

Micromagnetic simulations were conducted using the MERRILL software package (ver. 1.3.5; Conbhuí 
et al., 2018). We used octahedral morphology where faces are {111}. Based on the TEM observations, we 
modeled grains with a volume of (35 nm)3 and 15 % elongation along <111> (Supporting Information Fig-
ure S1). TEM images suggest that some grains may be truncated, but we did not consider truncation in the 
simulations. We also considered chains aligned along <111>. Each crystal in a chain was rotated by 60° 
about <111> relative to the neighboring crystals to match {111} faces (Supporting Information Figure S1) 
(Abraçado et al., 2011). The number of grains in a chain (N) was set between 1 and 10. The spacing between 
grains was 10 or 20 nm, which correspond to the longest observed spacings (Berndt et al., 2020). For com-
parison, we also simulated N = 10 with 5 nm spacing, N = 1 without elongation, and N = 10 with truncation 
without elongation. The model mesh was generated using Gmsh (ver. 4.7.1; Geuzaine & Remacle, 2009) 
with a target mesh size of 9 nm. The mesh was then converted to PATRAN format using Python package 
meshio (ver. 4.3.8; https://github.com/nschloe/meshio) and a MATLAB routine merrillsavepat.m. We mod-
eled maghemite and magnetite because magnetofossils in pelagic sediments are expected to be oxidized, as 
indicated by X-ray diffraction (Vali & Kirschvink, 1989) and the absence of a Verwey transition (Shimono & 
Yamazaki, 2016; Usui et al., 2018). Although magnetite sometimes exhibits partial maghemitization (e.g., 
Smirnov & Tarduno, 2000; Torii, 1997), we only considered pure magnetite and maghemite. For maghemite, 
we used the parameters: A = 13 pJ/m, Ms = 375 kA/m, and K1 = 4.7 kJ/m3 (Solov'yov & Greiner, 2009) 
where A is the exchange constant. For magnetite, we used parameters prescribed by MERRILL for 20°C. 
Bulk hysteresis parameters were estimated by averaging magnetization curves calculated for a field along 
100 random directions (Berndt et al., 2020). Major hysteresis loops were calculated from −200 to 200 mT. 
Backfield demagnetizations of IRM imparted by 200 mT were calculated to −200 mT. Mrs/Ms, Hc, and Hcr 
were estimated by interpolation using cubic splines.
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4.  Results
4.1.  Rock Magnetism

Units I and II show contrasting magnetic properties. Additionally, depths of ∼10 and ∼5 m also exhibit 
marked changes in magnetic properties. SIRM (Figure 2a) is stable at ∼0.02 Am2/kg in Unit II (≥30.4 m). 
In Unit I, SIRM increases gradually up-core to ∼0.06 Am2/kg at ∼24 m and decreases to ∼0.02 Am2/kg at 
∼10 m. SIRM increases rapidly to ∼0.1 Am2/kg at ∼8 m, followed by a rapid decrease to ∼0.04 Am2/kg at 
∼5 m. SIRM increases again toward the core top to ∼0.1 Am2/kg. Variation of kARM (Figure 2a) is distinct 
from SIRM. It is stable at ∼3.8 × 10−5 m3/kg below 20 m. It gradually decreases up-core to ∼1.8 × 10−5 m3/kg 
at ∼5 m, and is then stable to the core top. kARM/SIRM ranges from 0.18 to 3.0 mm/A (Figure 2c). Unit II 
shows high kARM/SIRM (>2.2 mm/A) below 31 m, which is comparable to red clay dominated by magneto-
fossils (Shimono & Yamazaki, 2016; Usui et al., 2017, 2019; Yamazaki & Shimono, 2013). Unit I shows lower 
values (<1.0 mm/A) except for the bottom 1.5 m (28.5–30 m), where the values are transitional between the 
two Units. The upper ∼10 m is characterized by the lowest values of <0.5 mm/A.

Hysteresis properties are summarized in the Day plot (Day et al., 1977) (Figure 2d). Data are in the “pseu-
do-single domain” range (Day et al., 1977; Dunlop, 2002), but Unit II samples plot closer to the SSD region. 
Hc and Hcr both increase up-core (Figure 2c). They are ∼10 mT and ∼15 mT, respectively, in Unit II. In Unit 
I, they increase rapidly in the upper 9 m.

IRM gradient curves are shown in Figure 3. Unit II is characterized by a near-zero gradient above 100 mT 
(Figure 3c). The derivative mode is at ∼28 mT, but the curves also include a hump at ∼10 mT. In contrast, 
the Unit I curves (Figures 3a and 3b) have a non-zero gradient above 100 mT and lack a hump at low fields. 
Between 10 and 30 m, the IRM gradient curves vary little with a mode at ∼28 mT (Figure 3b). From ∼10 m, 
the modal coercivity increases up-core and reaches ∼50 mT at the core top (Figure 3a).

Three PCs (PC1, PC2, and PC3) explain 99.9 % of the variance of the IRM curves. In PC space there are 
two linear trends spanning 0–6.25  m and ≥30  m (Figure 4). These samples can therefore potentially be 
represented by the mixing of two endmembers for each trend. Samples from 8.5–30 m appeared to form a 
cluster, and samples above this depth (6.5–8.25 m) may be transitional. The trend for 0–6.25 m shows depth 
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Figure 2.  (a)–(c)Depth profiles of (a) Saturation isothermal remanence (SIRM) (circles) and kARM (crosses), (b)kARM/SIRM, and (c) coercivity of remanence 
(circles) and coercivity (crosses). Vertical dashed lines indicate the boundary between Units. (d) Day plot showing hysteresis parameters. Triangles represent 
Unit I data, and circles represent Unit II data. Fill colors indicate sample depths.
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progression, while that for ≥30 m does not. To estimate the endmembers, we fit a line to each linear trend 
using PCA (Supporting Information Figures S2 and S3). We found that extrapolation of these lines resulted 
in narrowing the endmember coercivity distributions until they start to show negative values. We selected 
distributions just before they started to show significant negative values as endmembers; EM I-1 and EM I-2 
for 0–6.25 m trend, and EM II-1 and EM II-2 for ≥30 m (Figures 4d–4f). The endmembers were fitted with 
skewed normal distributions using Max UnMix (Figures 5a–5d). The endmember fitting parameters are 
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Figure 3.  Isothermal remanence (IRM) gradient curves of (a) < 10 m, (b) 10–30 m, and (c) ≥30 m. Curves are normalized by IRM at 1 T. Data colors indicate 
sample depths using the same color scale as Figure 4.

Figure 4.  Results of the principal component analysis (PCA) of the isothermal remanence (IRM) curves. (a)–(c) IRM curves in the three-PC space projected 
on orthogonal planes. (a) PC2 against PC1. (b) PC2 against PC3. (c) PC3 against PC1. (d)–(f) Same as (a)–(c) with endmembers shown as red stars. Triangles 
represent samples above 10 m, inverted triangles samples at and below 10 m, and circles samples at and below 30 m. Colors indicate sample depths.
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listed in Table 1. EM I-2 and EM II-2 were fitted by two distributions, and the large DP distributions from 
each were similar. Thus, we consider them to be the same component. As a result, we obtained five skewed 
normal components (C1–C5) to act as starting distributions in Max UnMix. We note that the coercivity 
components for 6.5–30 m are not well constrained by the IRM data alone (Figure 4). Nonetheless, strati-
graphically, this interval is located in the middle part of the core, and the data are positioned between the 
two linear trends. The simplest explanation for these observations is that this interval represents a transition 
from one trend to the other. Consequently, we decided to use C1–C5 as the starting distributions for these 
samples. Each IRM acquisition curve was first manually fitted based on the selected initial distributions, 
and then the fit was optimized automatically using Max UnMix.

The results of the IRM decomposition are presented in Figure 5 and Supporting Information Table S1. The 
fitting parameters are stable with respect to depth. The DP of C1 has a large scatter in samples where this 
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Figure 5.  Results of the isothermal remanence (IRM) decomposition. (a)–(d) Fitting of PC endmembers. (e)–(g) Fitting examples of the IRM gradient of 
the samples. Gray circles show estimated gradients, and orange curves show the sum of fitted components. Shaded areas represent 95 % confidence intervals 
obtained by 100 Monte-Carlo resamplings in Max UnMix. (h)–(k) Depth profiles of the fitting parameters. Red triangles represent C1, blue circles C2, pink 
diamonds C3, blue crosses C4, and red stars C5. Error bars show standard deviations multiplied by 2. (h) Relative contribution to the total IRM at 1 T (OC). (i) 
Location parameter, Bh. (j) Dispersion parameter, DP. (k) Skewness parameter, S. In (i)–(k), only components with the mean OC > 0.05 are plotted.
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component only makes a small contribution. Therefore, such scatter may 
simply represent uncertainty in the unmixing process. Note that Max Un-
Mix does not force OC to be positive. Negative values were estimated for 
components with small contributions, but this does not affect the major 
components. The stability in the fitting parameters partly supports the 
validity of the five-component unmixing. In particular, it validates treat-
ing C6 and C3 as the same component. We found that a slightly smaller 
DP for C4 (∼0.21) and larger Bh for C5 (∼9 mT) than those obtained from 
PCA (Table 1) yielded better fits (Figures 5i and 5j). High contributions 
of C4 and C5 characterize Unit II (Figure 5h). The co-existence of these 
relatively narrow (small DP) components explains the hump seen in the 
IRM curves at ∼10 mT (Figure 3c). The contributions of C4 and C5 are 
smaller in Unit I and virtually absent above ∼7 m. Unit I shows a higher 
contribution of C2. C1 starts to increase from ∼5 m and rapidly increases 
across 3.5–2 m. C1 remains high in the top 2 m. The contribution of C3 
gradually decreases up-core from ∼25 to ∼20 %.

FORC distributions in Unit II are concentrated around Hb = 0, forming central ridges (Figure 6c, Supporting 
Information Figure S4). In Unit I, the FORC distributions have a greater vertical spread (Figures 6a and 6b), 
suggesting the increased contribution of the interacting SSD and “pseudo-single-domain” particles (Har-
rison & Lascu,  2014; Roberts et  al.,  2000,  2017). The relative contribution of the central ridge decreas-
es up-core (Supporting Information Figure S4). The central ridge coercivity distribution (Egli, 2013; Egli 
et al., 2010) of Unit II samples contains a hump at ∼10 mT and a peak at ∼25 mT (Figure 6e), similar to 
the IRM gradient (Figure 3c). Because the central ridges represent the contribution from non-interacting 
SSD-like particles, this similarity indicates that IRM components C4 and C5 are carried by non-interacting 
SSD-like particles. Unit I samples do not show a clear low field hump (Figure 6d).

4.2.  Microscopy

All examined samples contain abundant biogenic magnetite (Figures  7a–7d); the sample from Unit I 
contains a larger proportion of irregularly shaped grains of probable detrital origin. The circulation and 

USUI AND YAMAZAKI

10.1029/2021GC009770

9 of 18

Name Bh (mT) DP S Comments

C1 97.7 0.29 1.13

C2 33.6 0.31 0.98

C3 10.6 0.50 0.95

C4 26.1 0.26 1.07

C5 6.8 0.22 0.78

C6 7.5 0.72 1.31 Merged with C3

Abbreviations: IRM, isothermal remanence; PCA, principal component 
analysis.

Table 1 
IRM Components Obtained by PCA

Figure 6.  (a)–(c) Representative First-order reversal curves (FORC) distributions. Contours are at 20, 40, 60, and 80 %. (a) Unit I sample from 1.5 m. (b) Unit I 
sample from 18.5 m. (c) Unit II sample from 35.5 m. Central ridge coercivity distribution for 18.5 m (d) and 35.5 m (e). Shaded areas represent standard errors 
multiplied by 2.
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magnetic finger methods resulted in nearly identical size and shape distributions of biogenic magnet-
ite (Figures  7b, 7d, 7f and  7j) even though the extraction efficiency was higher for the magnetic finger 
method. In the Unit II sample extracted by the magnetic finger method, isotropic grains account for 87 % 
of the biogenic magnetite, with 8% elongated grains and 5% bullet-shaped grains. The average grain size 

((width +  length)/2) of isotropic and elongated grains is 45.9 nm with 
standard deviation of 10.1 nm. The average elongation (length/width) is 
1.17 with standard deviation of 0.21. The distributions of these param-
eters are similar in the Unit I and Unit II samples (Figures 7e, 7f, 7h, 7i 
and 7j). The Unit I and Unit II samples are also similar to the sample from 
Minamitorishima Island, except that the biogenic magnetite in the ODP 
Site 777 samples is slightly smaller (Figures 7i–7k). The biogenic mag-
netite in the Minamitorishima sample consists of 91 % equant grains, 6 % 
elongated grains, and 3 % bullet-shaped grains. The average and standard 
deviation of the grain size of isotropic plus elongated grains are 50.2 and 
12.0 nm, respectively, and the elongation mean and standard deviation 
are 1.15 and 0.18, respectively.

4.3.  Ferromagnetic Resonance

The FMR spectrum (Figure 8) is asymmetric, suggesting the presence of 
SSD-like grains with high anisotropy. It is nearly identical to the spec-
tra from the red clay sediment around Minamitorishima Island, which 
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Figure 7.  (a)–(d) Representative transmission electron microscope (TEM) images of (a) 18.5 m, (b) 35.5 m, (c) KR13-02 PC06 6.525 m, and (d) 35.5 m extracted 
by the magnetic finger method. (a)–(c) were extracted by the circulation method. Scale bars are 100 nm. (e)–(h) Scatter plots showing length (L) versus the 
ratio of width (W) over L of biogenic magnetite observed under the TEM. Circles represent isotropic and elongated grains, and red crosses bullet-shaped grains. 
(i)–(k) Cumulative volume distribution of size (W + L)/2 for (i) 18.5 m, (j) 35.5 m, and (k) KR13-02 PC06 6.525 m. Gray curves represent the distribution for 
35.5 m extracted by the magnetic finger method.

Figure 8.  Ferromagnetic resonance (FMR) spectrum of a sample taken 
from 36.5 m. The red curve is a reference spectrum from Minamitorishima 
Island core MR15-E01 PC12 6.15 m (Usui et al., 2019).
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contained abundant biogenic magnetite and could be fitted with a sin-
gle anisotropy (Usui et  al.,  2019). We also calculated phenomenologi-
cal parameters to characterize the FMR spectrum (Weiss et al., 2004a). 
We obtain an effective g-factor of 2.12 and an asymmetry ratio of 0.69. 
These values are consistent with the presence of magnetofossils (Chang 
et al., 2014; Kopp et al., 2006; Weiss et al., 2004a).

4.4.  Micromagnetic Simulations

Simulation hysteresis parameters are summarized in Table  2 and Fig-
ure 9. For octahedra with 15 % elongation, Mrs/Ms are over 0.399 for all 
cases, indicating uniaxial, near-SSD behavior. It is unclear why these 
are below the theoretical value of 0.5; simulations with 5 nm separation 
and truncated octahedra yield similar Mrs/Ms (Supporting Information 
Table S2). Hcr and Hc increased with N; for N = 1, μ0Hcr = 22.8 mT for 
magnetite and 11.5 mT for maghemite. Hcr and Hc appeared to reach sta-
ble values by N ≈  6, which is consistent with previous studies (Berndt 
et al., 2020; Chang et al., 2019; Muxworthy & Williams, 2009). Hcr/Hc is 
large for maghemite when N < 3, indicating that these systems deviate 
from uniaxial SSD behavior.

5.  Discussion
5.1.  Carriers and Evolution of Magnetic Components

Changes in magnetic properties are observed around the boundary be-
tween Units (30.4 m), 10 m, and 5 m. Across the Unit boundary, magne-
tostatic interactions decrease up-core. Specifically, Unit II samples show 

high kARM/SIRM (Figure 2b) and have FORC distributions dominated by central ridges (Figure 6c). TEM 
observations in Unit II reveal abundant isotropic biogenic magnetite (Figure 7c). In combination, these 
results indicate that Unit II contains a higher proportion of biogenic magnetite than Unit I. In the IRM de-
composition, the Unit boundary marks an up-core decrease in C4 and C5 and an increase in C2 (Figure 5h). 
The Bh and DP of C2 and C4 are similar to previously identified detrital and biogenic magnetite in pelagic 
sediments (Usui et al., 2017; Yamazaki, 2012; Yamazaki & Shimono, 2013). We interpret C2 and C4 to rep-
resent detrital and biogenic magnetite, respectively. Paleomagnetic data suggested that the Unit boundary 
is older than 12 Ma (Shipboard Engineering and Scientific Parties, 1990). This is consistent with the sharp 
drop in the relative biogenic magnetite contribution at around 35 Ma observed elsewhere in the Pacific 
(Yamazaki et al., 2020). We speculate that Unit II may be older than the Oligocene.

From 10 to 8 m, kARM/SIRM decreases up-core (Figure 2b). Although ∼10 m corresponds to a change in 
trends in PC space (Figure  4), the relative contributions of the IRM components do not show a major 
change. We interpret this kARM/SIRM trend as subtle changes in detrital composition, with either up-core 
coarsening or an increase in magnetostatic interactions. From 8 m, biogenic C4 rapidly decreases, and de-
trital C2 increases up-core (Figure 5h). SIRM (Figure 2a) and sedimentation rate (Shipboard Engineering 
and Scientific Parties, 1990) generally increase up-core from around this depth. Thus, the flux of detrital 
magnetite must have increased. Paleomagnetic data suggest ages corresponding to ∼3.6 Ma at 10 m and 
∼2.6 Ma at 8 m (Shipboard Engineering and Scientific Parties, 1990). At higher latitude ODP Site 885/886, 
eolian flux started to increase at ∼3.6 Ma and reached a stable high by ∼2 Ma (Rea et al., 1998). IRM anal-
yses of this and other sites in the north Pacific suggest a further increase in dust flux at ∼2.6 Ma (Yamazaki 
& Ioka, 1997; Zhang et al., 2020). Our data appeared to capture both events. However, the chronology is un-
certain, and caution is required when attempting correlation with other sites. For example, the Matuyama 
chron seems to be too short, suggesting a short hiatus (Shipboard Engineering and Scientific Parties, 1990). 
Also, SIRM above 10 m exhibits a large scatter (Figure 2a), which may represent volcanic input from the 
nearby Mariana arc. Thus, further research is needed to clarify the variation of eolian inputs at ODP Site 
777.
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Phase Spacing (nm) N Mrs/Ms μ0Hcr (mT) μ0Hc (mT)

magnetite - 1 0.40 22.78 16.60

magnetite 10 2 0.42 45.03 38.96

magnetite 10 3 0.43 54.38 41.52

magnetite 10 6 0.43 58.09 50.45

magnetite 10 10 0.43 58.65 52.35

magnetite 20 2 0.41 33.95 29.21

magnetite 20 3 0.42 39.44 30.93

magnetite 20 6 0.42 40.52 35.88

magnetite 20 10 0.42 41.11 36.96

maghemite - 1 0.53 11.51 6.08

maghemite 10 2 0.44 29.75 20.24

maghemite 10 3 0.44 31.26 24.79

maghemite 10 6 0.44 40.87 33.46

maghemite 10 10 0.44 41.28 34.03

maghemite 20 2 0.43 22.74 13.58

maghemite 20 3 0.43 23.89 17.59

maghemite 20 6 0.44 27.98 22.15

maghemite 20 10 0.44 28.04 22.72

Table 2 
Summary of Hysteresis Parameters Obtained From Micromagnetic 
Simulations



Geochemistry, Geophysics, Geosystems

From around 5 m, IRM curves indicate an up-core increase in high coercivity phase(s) (Figure 3a), which 
corresponds to the increase in high coercivity component C1 (Figure 5h). The coercivity and dispersion 
of C1 (Bh ≈ 100 mT, DP ≈ 0.3) are similar to a detrital component observed in the North Pacific during 
the last ∼0.9 Ma (Yamazaki, 2008; Yamazaki, 2009, 2012). This component may correspond to eolian ti-
tanomaghemite (Yamazaki, 2008), hematite (Hu et al., 2013), or fine-grained titanomagnetite inclusions in 
silicate (Zhang & Liu, 2018). SIRM and sedimentation rate also increase up-core, implying that the flux of 
the high coercivity phase(s) has increased. Paleomagnetic data suggest the Brunhes-Matuyama boundary 
(0.77 Ma) occurs at 5.8 m (Shipboard Engineering and Scientific Parties, 1990). A coeval change in detrital 
magnetic minerals flux has not been reported at other sites (Yamazaki, 2012; Yamazaki & Ioka, 1997; Zhang 
& Liu, 2018; Zhang et al., 2020). Nevertheless, we emphasize that at least two distinct non-biogenic com-
ponents, C1 and C2, are required to explain a linear trend for <6.25 m in the PCA results (Figure 4). Our 
data suggest that eolian dust composition has changed at ODP Site 777 since <0.8 Ma. This change may 
correspond to a gradual increase in eolian flux in the late Pleistocene (Hovan et al., 1991).

The above discussions indicate that IRM components C1, C2, and C4 represent detrital titanomaghemite/
hematite/magnetic inclusions, detrital magnetite, and biogenic magnetite, respectively. The contribution 
of C3 does not show a major change with depth. A component with low Bh and large DP similar to C3 has 
often been observed in pelagic sediment, including red clay, siliceous ooze, and carbonate (e.g., Li, Liu, 
et al., 2020; Roberts et al., 2013; Yamazaki, 2012; Yamazaki & Shimono, 2013). The origin of this component 
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Figure 9.  Results of micromagnetic calculations expressed as the dependence of hysteresis parameters on the number of grains per chain (N). Circles represent 
magnetite and triangles maghemite. Filled symbols are calculations with 10 nm grain separations, and open symbols are with 20 nm separations. Gray crosses 
are 40 nm magnetite cubes with 10 nm separations (Berndt et al., 2020). (a) Coercivity of remanence. (b) Coercivity. (c) Ratio of saturation remanence to 
saturation magnetization. (d) Coercivity ratio.
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is not clear, although it is generally attributed to detrital minerals. In pelagic siliceous clay from the Central 
Pacific, Li, Liu, et al. (2020) identified a similar component, which they attributed to relatively coarse parti-
cles with a vortex state. However, at ODP Site 777, the contribution of C3 does not correlate with the other 
detrital components C1 and C2. In Unit II, the contributions of C1 and C2 are near-zero, while the contri-
bution of C3 is higher than that in Unit I. Similarly, Shimono and Yamazaki (2016) reported that red clay in 
the South Pacific contained only a biogenic magnetite component and a C3-like component before ∼30 Ma. 
On the other hand, eolian grain size over the Pacific has generally increased since 50 Ma (e.g., Rea, 1994). 
Thus, we consider there is no simple mechanism by which coarse-grained detrital magnetic minerals can 
be concentrated in these red clays. Instead, we speculate that C3 in red clay may be related to the diagenetic 
degradation of other components, especially biogenic magnetite.

5.2.  Non-Chained Biogenic Octahedra

IRM component C5 makes high contributions in Unit II (Figure 5h). C5 also has several distinct proper-
ties. It exhibits non-interacting SSD-like behavior, as shown by the central-ridge coercivity distribution of 
the FORC distributions (Figure 6e). C5 is characterized by a relatively sharp coercivity distribution with 
DP ≈ 0.21 and a Bh as low as 8–9 mT, which is comparable to the theoretical μ0Hcr of spherical SSD magnet-
ite and maghemite. These results indicate that C5 corresponds to isotropic SSD-like grains with relatively 
well-sorted size.

The composition of C5 can be further constrained by the TEM observations. In the TEM images of the 
Unit II sample, the only isotropic grains with sizes of tens of nm were octahedra (Figures 7b and 7d). The 
size and shape of these octahedra are similar to the biogenic magnetite in the Unit I and Minamitorishima 
samples, where a C5-like component was minor or absent. Nevertheless, quantitative considerations of the 
IRM and TEM observations indicate that octahedra are also responsible for C5. The IRM of the Unit II TEM 
sample was decomposed into C3 (potentially detrital magnetite), C4 (biogenic magnetite), and C5, with 
contributions of 32, 44, and 24 %, respectively (Supporting Information Table S1). In the TEM observations, 
the extraction efficiency was not 100% but still high (>60 %) with the magnetic finger method. Importantly, 
the efficiency was almost identical for the Unit I sample and the Minamitorishima sample, while the IRM 
components were very different. In the Unit I sample, C5 accounts for only 8 % of the IRM, and C2 (detrital 
magnetite) for 32 %. In the Minamitorishima sample, IRM is dominated by a C4-like biogenic component 
with a possible contribution from a C3-like component without a C5-like component (Usui et al., 2017; 
Yamazaki et al., 2020). Therefore, extraction efficiency for C2, C4, and C5 should be comparable, and the 
relative contributions of C4 and C5 in the Unit II sample (0.65:0.35) can be translated to the relative volume 
fractions in the extracts. These considerations suggest that >35 vol % of isotropic magnetite in the Unit II 
sample corresponds to C5. Note that 13 % (in terms of particle abundance) of biogenic magnetite in the 
Unit II sample was anisotropic, which may contribute to C4. The morphology of the octahedra in the Unit 
II samples is typical of biogenic magnetite in red clay. Based on the size, shape, and non-interacting SSD-
like magnetic properties, we conclude that C5 reflects octahedral biogenic magnetite. In addition, its low 
coercivity suggests that C5 may correspond to non-chained particles.

Micromagnetic calculations further support the hypothesis of C5 corresponding to non-chained biogenic 
octahedra. Single crystals of maghemite with size and shape comparable to the observed grains can result in 
μ0Hcr = 11.5 mT (Figure 9). Single crystals of magnetite or two-crystal maghemite chains resulted in a much 
higher coercivity. Partial maghemitization may increase coercivity relative to magnetite (Ge et al., 2014). 
Many magnetic bacteria produce magnetosomes with separations smaller than those modeled in this study, 
and smaller separations have been shown to increase coercivity (Berndt et al., 2020; Chang et al., 2019). 
This information indicates that C5 is carried by non-chained biogenic magnetite oxidized to maghemite. 
The threshold size between SSD and superparamagnetic behavior for maghemite (∼30 nm) (Moskowitz 
et al., 1997) is thought to be larger than that for magnetite (∼20 nm) (Muxworthy & Williams, 2009). Nev-
ertheless, most of the observed octahedra are larger than 30 nm (Figure 7), so maghemitization would not 
strongly affect their SSD-like behavior.

An alternative hypothesis is that C5 reflects diagenesis, appears to be implausible. Magnetosomes outside 
their cells are expected to collapse into clumps due to magnetostatic attractions (e.g., Kobayashi et al., 2006). 
So, it is unlikely that the isolated octahedra were produced by diagenesis of chained biogenic magnetite. 
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Severely degraded magnetosomal chains can exhibit μ0Hcr ≈ 14 mT (Li et al., 2012); however, such degra-
dation also significantly increases magnetostatic interactions. These degraded chains were characterized 
by kARM/SIRM ≈ 0.25 and the disappearance of the central ridge (Li et al., 2012), while C5-rich samples 
(>30 m) are characterized by the highest kARM/SIRM and clear central ridges (Figures 2 and 6). Thus, de-
graded chains are incompatible with the characteristics of C5. We consider that octahedra corresponding to 
C5 were non-chained even when held inside the cells.

Finally, the hypothesis that C5 corresponds to non-chained maghemite is consistent with the FMR results. 
Magnetic anisotropy of isolated maghemite octahedra should be sufficiently small to produce a near sym-
metric signal indistinguishable from the detrital contribution (e.g., Weiss et al., 2004a). This explains why 
the measured spectrum is indistinguishable from that of the Minamitorishima samples (Figure 8) (Usui 
et al., 2019), even though the Minamitorishima samples do not show an appreciable contribution of a C5-
like component (Usui et al., 2017).

5.3.  Paleoenvironmental Implications of Biogenic Magnetite in Red Clay

The environmental factors controlling the abundance of C5 are unclear. Magnetic bacteria producing non-
chained magnetite were reported as a distinct strain (Li, Menguy, et al., 2020) or as a result of oxidative 
environmental stress (Li & Pan, 2012; Olszewska-Widdrat et al., 2019). Oligotrophic, oxic red clay represents 
an environment very different from conventional environments inhabited by magnetic bacteria. On the 
other hand, the lithology and depositional environment of Unit II are not special amongst red clays. Similar 
interbedding of light and brown clay was also reported around Minamitorishima (Usui et al., 2017; Tanaka 
et al., 2020). By extension, the environmental conditions resulting in the production of non-chained biogen-
ic magnetite in red clay may not be special. Indeed, we detect a non-zero contribution of C5 in Unit I (Fig-
ure 5h), where the shape of the IRM acquisition curves did not show a clear sign of C5. Careful quantifica-
tion of a C5-like component in red clay from other sites will help to reveal environmental factors controlling 
the abundance of non-chained biogenic magnetite in red clay. Biogenic magnetite is slightly smaller in the 
35.5 m sample, where C5 is most abundant. This pattern resembles the smaller grain size of magnetosomes 
in AMB-1 under aerobic conditions than under anaerobic conditions (Li & Pan, 2012). We hypothesize that 
the order of environmental stress for magnetic bacteria was Unit II > Unit I > around Minamitorishima 
Island, and is reflected by smaller grain sizes and higher C5 contributions.

In micromagnetic simulations, the Bh of biogenic IRM component C4 (∼25 mT) was reproduced by magh-
emite in long (N > 6) chains with 20 nm spacing or short (N = 2–3) chains with 10 nm spacing (Figure 9). 
Both 20 nm spacing and N = 2–3 are atypical of magnetic bacteria (Berndt et al., 2020). Taken at face value, 
this result suggests that the C4 magnetofossils, which are widespread in red clay (Shimono & Yamaza-
ki, 2016; Usui et al., 2017; Yamazaki & Shimono, 2013; Yamazaki et al., 2020), were also produced by un-
known bacteria or reflect high environmental stress. However, Bh of chained magnetofossils may be affected 
by chain degradation (Li et al., 2012). Further studies are needed to understand Bh of C4 quantitatively.

The variety of magnetofossils in red clay, including chained and non-chained octahedra and bullet-shaped 
grains (Usui et al., 2017; Yamazaki et al., 2020), suggests that there are a variety of magnetic bacteria. It 
remains enigmatic as to why these bacteria produce magnetosomes even though the vertical redox gradient 
is minimal.

5.4.  Magnetofossil Identification and Paleomagnetism

Magnetic techniques have been used to aid magnetofossil identification and quantification. Chain identifi-
cation has been proposed as a prerequisite of magnetofossil identification (Kopp & Kirschvink, 2008), and 
FORC and FMR are two widely used methods to detect chained magnetofossils. On the other hand, a recent 
demonstration of non-chained magnetosomes (Li, Menguy, et al., 2020), and the magnetofossils identified 
in this study confirmed that the chain identification prerequisite may lead to some magnetofossils going 
unrecognized. Specifically, our results provide a case that the absence of asymmetric FMR signature alone, 
which reflects the absence of chains, should not be considered evidence against the presence of magnetofos-
sils (cf., Chang et al., 2014; Weiss et al., 2004b). A similar discussion would also apply to the quantification 
of biogenic magnetite. Previous IRM analyses of pelagic sediment did not consider a C5-like component 
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(Shimono & Yamazaki, 2016; Yamazaki, 2008, 2009, 2012; Zhang et al., 2018), and may have overlooked 
this component.

Relative concentration variations in non-chained versus chained magnetofossils may also affect paleomag-
netic recording. The observed coercivity of C5 is < 1/3 of typical magnetofossils (Egli, 2004), and the total 
volume of an isolated octahedron is < 1/10 the volume of a chain. These differences suggest that remanence 
carried by isolated octahedra would be susceptible to (thermo) viscous overprint. Magnetofossil abundance 
has been shown to affect relative paleointensity estimates due to different acquisition efficiencies of NRM 
and ARM (Chen et al., 2017; Heslop et al., 2013; Ouyang et al., 2014; Yamazaki et al., 2013). We consider 
that the relative abundance of magnetofossils with distinct magnetic properties such as C4 and C5 would 
also affect paleointensity estimates.

6.  Conclusions
Magnetic properties of red clay at ODP Site 777 revealed significant depth variations. PCA and IRM de-
composition indicate that the IRM acquisition curves can be represented by five components C1–C5. We 
interpret C1 and C2 to be detrital components, and C4 corresponds to magnetofossils. C3 resembles detrital 
components identified in earlier studies; however, the absence of a positive correlation with C1 and C2 
suggests that C3 may be a diagenetic component.

Based on the available magnetostratigraphy (Shipboard Engineering and Scientific Parties, 1990), the con-
tribution of C2 increases from ∼3.6 Ma and that of C1 from <0.8 Ma. These timings are consistent with 
available eolian flux reconstructions.

The coercivity of C5 is low (Bh < 10 mT), but we interpreted this as a magnetofossil component. FORC 
distributions indicate that C5 corresponds to isotropic, non-interacting SSD-like grains. TEM observations 
show that the only grains that satisfy these constraints and exist in sufficient amounts within the samples 
are octahedral biogenic magnetite. Micromagnetic simulations quantitatively support the hypothesis that 
non-chained and oxidized octahedra can reproduce the observed low coercivity. Component C4 appears to 
correspond to chained octahedra.

The lithology and geology of ODP Site 777 red clay are similar to the studied samples that contained a minor 
C5 contribution. This suggests that non-chained octahedral magnetofossils may be widespread in red clay. 
Detection of a C5-like magnetic component from other sites may reveal environmental factors controlling 
the abundance of non-chained biogenic magnetite and their paleomagnetic recording characteristics.

Data Availability Statement
All data produced in this study are available in Supporting Information and in Zenodo repository (doi: 
https://10.5281/zenodo.4579925).
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