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Abstract Single-domain magnetite particles exhibit minimum susceptibility along their elongation,
resulting in so-called inverse fabric of the anisotropy of magnetic susceptibility (AMS). We report the
discovery of inverse AMS fabrics from pelagic clay recovered by a ∼ 12 m long piston core from the western
North Pacific. A previous study identified fossil single-domain magnetite produced by magnetotactic
bacteria (magnetofossils) as the dominant ferrimagnetic mineral in the sediment. The inverse AMS fabrics
were found in a ∼ 2 m zone. The ∼ 6 and ∼ 4 m of sediment above and below this zone showed normal,
horizontal AMS fabrics. Rock magnetic data and ferromagnetic resonance spectroscopy indicated that
magnetofossils account for most of the mean susceptibility regardless of normal or inverse AMS. This was
explained by the mixing models where the inverse fabric from magnetofossils is nearly balanced by the
normal fabrics of terrigenous minerals. The corrected degree of AMS carried by magnetofossils in the
sediment was estimated to be ∼ 1.01, which is comparable to that of typical pelagic sediment at shallow
depth. On the other hand, terrigenous minerals in the sediment were estimated to have higher degree of
anisotropy, possibly reflecting burial and subsequent erosion of > 80 m of sediment, which was also
suggested by a subbottom acoustic stratigraphy. This suggests that inverse AMS fabrics due to
magnetofossils may be widespread in pelagic clay without strong compaction.

1. Introduction
The anisotropy of low field magnetic susceptibility (AMS) of sediment has been investigated to characterize
fabric produced by compaction, deformation, or paleocurrent (e.g., Jackson & Tauxe, 1991; Kanamatsu et al.,
2012; Kawamura & Ogawa, 2004; Kon et al., 2017; Maffione & Morris, 2017; MacDonald & Ellwood, 1987;
Parés et al., 2007; Schwehr et al., 2006). Most of the common magnetic minerals show maximum magnetic
susceptibility along their long dimension (e.g., Tarling & Hrouda, 1993). Consequently, bulk AMS is usually
concordant with macroscopic fabrics such as a bedding plane. Such AMS fabric is termed normal fabric;
the normal fabric is the underlying assumption to interpret AMS. In contrast, elongated single-domain (SD)
magnetite and maghemite exhibit the minimum susceptibility along the elongation, because the elongation
direction is the magnetic easy axis (Potter & Stephenson, 1988); remanence is along the easy direction under
zero field, so a weak external field induces hardly any additional magnetization along that direction. Thus,
the AMS of a sample with abundant SD magnetite would be perpendicular to macroscopic fabrics, result-
ing in so-called inverse fabric (Rochette et al., 1992). This effect is not present for remanence anisotropy
(e.g., Jackson, 1991). Even if the abundance of SD magnetite is insufficient to produce bulk inverse fabrics,
the inverse component could reduce the bulk anisotropy intensity (Ferré, 2002; Rochette et al., 1992). There-
fore, detecting the inverse contribution of SD magnetite is an important step in AMS studies. Overall, studies
have shown that inverse AMS fabrics due to SD magnetite are not common. This has been explained as due
to overwhelming contribution of coexisting larger multidomain grains or smaller superparamagnetic grains
which exhibit normal fabrics (Hrouda & Ježek, 2017; Lanci & Zanella, 2016).

One of the special situations where SD magnetite is selectively produced is through biomineralization.
Magnetotactic bacteria produce magnetite and greigite crystals with precisely controlled morphology and
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arrangement called magnetosomes (e.g., Bazylinski & Frankel, 2004). Magnetosomes can be preserved in
sediment as fossils (magnetofossils) of noninteracting SD particles (Kirschvink & Chang, 1984; Petersen
et al., 1986). Therefore, magnetofossils in sediment and sedimentary rocks are expected to show inverse
AMS fabrics. Recent studies revealed that magnetofossils are widespread in sediment (e.g., Just et al., 2012;
Roberts et al., 2012, 2013; Yamazaki, 2012; Yamazaki & Shimono, 2013). Nonetheless, to our knowledge,
a magnetic fabric attributed to magnetofossils has not been reported from natural sediment. This may be
due to the insignificant abundance of magnetofossils in terms of susceptibility. Alternatively, because mag-
netofossils are genetically different from detrital ferrimagnetic or paramagnetic minerals, their macroscopic
fabrics may be distinct. An experimental study (Mao et al., 2014) suggested that the alignment of magne-
tosomes within sediment due to the geomagnetic field may be minor (<1%). On the other hand, the fabric
development of magnetofossils due to deformation has not been studied; if magnetofossils have weaker
preferred orientation than the other minerals, their effect on bulk anisotropy may be limited.

Magnetic fabrics of magnetofossils are also expected to be important for environmental magnetism and
paleomagnetism. The abundance and morphology of magnetofossils was proposed as a paleoenvironmen-
tal proxy (e.g., Chang et al., 2018; Hesse, 1994; Kopp et al., 2007; Roberts et al., 2011; Usui et al., 2017;
Yamazaki, 2012; Yamazaki & Kawahata, 1998; Yamazaki & Shimono, 2013; Yamazaki et al., 2019). Various
rock magnetic methods have been applied to quantify it including the ratio of susceptibility of anhysteretic
remanence over saturation isothermal remanence (kARM/SIRM), first-order reversal curves (FORCs), and
ferromagnetic resonance (FMR) spectroscopy (e.g., Egli et al., 2010; Li et al., 2012; Weiss et al., 2004). One
of the key concepts in those methods is that magnetofossils exhibit special characteristics such as narrow
coercivity distribution, minimal magnetostatic interaction, and strong chain scale anisotropy, so that their
contribution can be unmixed from background (Gehring et al., 2011; Heslop et al., 2013; Lascu et al., 2015).
Because inverse AMS fabrics are rare in sediment, the amount of magnetofossils may also be obtained
through unmixing of AMS fabrics. The alignments of magnetosomes within sediment are likely to be con-
trolled by the direction and intensity of the external magnetic field (Mao et al., 2014), so by quantifying the
fabric of magnetofossils, one may recover some paleomagnetic information.

Usui et al. (2017) reported high abundance of magnetofossils in pelagic red clay from the western North
Pacific, confirming the earlier reports that red clay often contains abundant magnetofossils (Shimono &
Yamazaki, 2016; Yamazaki & Shimono, 2013). Particularly, they estimated large abundance variation of mag-
netofossils. This offers a chance to detect possible contribution of magnetofossils to AMS. Here we report
AMS and rock magnetic data from this sediment. By correlating AMS and rock magnetic data, we discuss
the abundance and alignment of magnetofossils, as well as the fabric of background terrigenous minerals.

2. Theory
AMS can be described by the orientation and magnitude of three principal susceptibility K1 ≥ K2 ≥ K3
of the susceptibility tensor. The fabric can be conveniently characterized by a shape parameter Tj and an
anisotropy degree Pj defined as

T𝑗 =
2𝜂2 − 𝜂1 − 𝜂3

𝜂1 − 𝜂3
(1)

P𝑗 = exp
√

2[(𝜂1 − 𝜂m)2 + (𝜂2 − 𝜂m)2 + (𝜂3 − 𝜂m)2] (2)

where 𝜂i = ln Ki (i = 1, 2, 3) and 𝜂m = (𝜂1+𝜂2+𝜂3)∕3 (Jelinek, 1981). Usually, sediment has only moderate
interparticle magnetostatic interaction; in this case, susceptibility of subpopulations within a sample can
be simply summed. Moreover, when AMS of the subpopulations (subfabrics) is coaxial, as is expected for
undeformed sediment, the bulk AMS can be obtained by adding up collinear principal susceptibilities of the
subfabrics. When we consider normalized susceptibility ki = Ki∕Km where Km is the mean susceptibility
(K1 + K2 + K3)∕3, the AMS resulting from a combination of two subfabrics k(1) and k(2) is given by

k𝑗 = pk(1)
𝑗

+ (1 − p)k(2)
𝑗

(3)

where j = x, y, z is the external coordinate and p is the mixing ratio of k(1), that is, p = K(1)
m ∕(K(1)

m + K(2)
m )

(Henry & Daly, 1983).
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A particular interest is in the relative contributions between paramagnetic minerals which is expected to
show a normal fabric and ferrimagnetic minerals which may include an inverse fabric. The magnetization
of ferrimagnetic minerals, especially of magnetite, saturates at moderately high field (on the order of 100 mT
for magnetite), resulting in zero susceptibility. On the other hand, susceptibility of paramagnetic minerals
is practically independent of the field (e.g., Dunlop & Özdemir, 1997). Therefore, susceptibility measured at
high field can be used to estimate the paramagnetic susceptibility.

The contribution of SD magnetite to bulk susceptibility can be increased by not only increasing abun-
dance but also increasing grain susceptibility (volume normalized mean susceptibility of a single grain) of
SD magnetite. Grain susceptibility is related to grain anisotropy. For uniaxial SD grains, grain susceptibil-
ity can be approximated using equilibrium magnetization of the Stoner-Wohlfarth particles under a small
applied field as

Km

Ms
=

𝜇0Ms

3Ku
(4)

where 𝜇0 is the permeability of vacuum, Ms the saturation magnetization, and Ku the uniaxial anisotropy
constant (e.g., Lanci, 2010). A chain of magnetosomes can be effectively considered as a single SD grain dom-
inated by uniaxial anisotropy with an additional contribution from crystallographic anisotropy (Charilaou,
2017; Charilaou et al., 2011). The intensities of both anisotropies can be estimated using FMR. For mag-
netite magnetosomes, the resonance field Bres has been modeled using the first-order anisotropy constants
Ku (uniaxial anisotropy) and Kc (magnetocrystalline anisotropy), Ms, and the crystallographic orientation
of crystals with respect to the chain (Charilaou, 2017; Charilaou et al., 2011, 2015). Ku reflects interparticle
magnetostatic interaction within the chain as well as grain elongation. Kc reflects the cubic magnetocrys-
talline anisotropy. For perfect magnetite Kc = −13.5 kJ∕m3 (Dunlop & Özdemir, 1997), however, from
some sediment and magnetosomes, lower values have been inferred and interpreted as due to maghemitiza-
tion (Fischer et al., 2007) or intracrystal inhomogeneity (Charilaou, 2017). The crystallographic orientation
may be either that the [111] directions (the magnetic easy axes) parallel to the chain or that the [100] direc-
tions parallel to the chain; the latter have been observed for some bullet-shaped magnetosomes (Lefèvre
et al., 2011; Pósfai et al., 2006). Conventionally, these parameters have been combined as

Buni = 2Ku∕Ms (5)

Bcub = Kc∕Ms (6)

(Charilaou et al., 2011). From Bres, the microwave absorption can be calculated with a line broadening func-
tion f(B;Bres). The typical form of f(B) is a Lorentzian, which can be characterized by another parameter 𝛥B
as

𝑓 (B;Bres,ΔB) =
ΔB∕2

𝜋[(B − Bres)2 + (ΔB∕2)2]
(7)

Simulated FMR spectra are then obtained as the derivative of f(B). By fitting FMR spectra using simu-
lated spectra of magnetosomes and a symmetric component coming from near-isotropic particles other
than magnetosomes, one can estimate Buni and Bcub of magnetofossils in sediment (Chang et al., 2014;
Gehring et al., 2011) that in turn give the equilibrium magnetization vector to estimate grain susceptibility
of magnetofossils.

3. Materials
We studied a piston core PC12 recovered during the cruise MR15-E01_Leg2 around Minamitorishima Island
in the western North Pacific (Usui et al., 2017). This core was ∼ 12 m of brown to dark brown clay. The
core liners were made of polycarbonate, which was annealed before the cruise to minimize the deforma-
tion of the liners after splitting. Usui et al. (2017) conducted a rock magnetic and microscopic study on the
core. The results showed abundant magnetofossils especially below a possible hiatus at ∼ 5.3 m, character-
ized by high kARM/SIRM and pronounced central ridge in the FORC diagrams. On the basis of the linear
unmixing of isothermal remanent magnetization curves and microscopic observations, the proportion of
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elongated magnetofossils to equant ones and the total magnetofossil abundance are estimated to be highest
at around 7 m.

Nakamura et al. (2016) reported acoustic data around Minamitorishima Island. They showed that the sed-
iment in the region consists of two acoustic facies: underlying transparent facies and overlying layered
facies. Interestingly, the thickness of the layered facies varies significantly from 0 to >40 m, suggesting
local hiatus or erosion. The core PC12 was from a site without the layered facies (Nakamura et al., 2016;
Usui et al., 2017).

4. Methods
We measured AMS and the anisotropy of anhysteretic remanence (AARM) to detect possible inverse AMS
fabrics. Sediment samples were obtained using standard 7 cm3 plastic cubes from the archive half. Samples
were not taken between 3.20 and 3.97 m in core depth due to core disturbance (Usui et al., 2017). We used
the following right-handed core coordinate system: +x points normal outward from the core split surface of
the archive half and +z points downward. AMS was measured using a Kappabridge KLY-4 (AGICO) with
software SUFAR.

AARM were measured on selected cube specimens. ARMs were imparted using an alternating field (AF)
demagnetizer DEM95 (Natsuhara Giken) with a peak AF of 100 mT and a direct-current field of 0.07 mT.
Decay rate was set as “60” in the demagnetizer. ARMs were imparted along nine directions (Girdler, 1961).
Before each ARM acquisition, samples were AF demagnetized at 150 mT with two axes tumbling. ARM
vectors were fitted by a second-rank tensor using least squares using in-house software.

To estimate the abundance of magnetofossils, we analyzed paramagnetic susceptibility (Kp), FORCs, and
FMR on selected samples. Initial susceptibility (Kvsm) and susceptibility at high field Kh were measured on
a vibration sample magnetometer (VSM) Model 3902 (Princeton Measurements) for ∼ 1 cm3 subsamples
taken from the 7 cm3 cubes. Before measurements, samples were AF demagnetized at 150 mT using the AF
demagnetizer. Kh was calculated by simple linear fits for hysteresis loops measured with maximum field of
1 T. Data for field magnitude ||B|| > 0.7 T were fitted with a line, and the slope was taken as Kh. Because the
volume of the subsamples used for Kh and Kvsm measurements were not accurately measured, we used the
ratio Kh∕Kvsm to estimate the ratio of paramagnetic susceptibility to initial susceptibility. Then the paramag-
netic susceptibility Kp was calculated as (Kh∕Kvsm) × Km. The ferrimagnetic susceptibility Kf was calculated
as Km − Kp.

FORCs were measured also using the VSM. We used the saturation field of 500 mT, the maximum rever-
sal field of −97 mT, and field steps of 0.5 mT. FORCs were analyzed using software VARIORC ver. 4.01
(Egli, 2013). In particular, we isolated and quantified the contribution of the central ridge following the
method of Egli et al. (2010), where the vertical profiles of the central ridge and the background distribution
were fitted with model functions. We used the ratio of the integral of the central ridge relative to the inte-
gral of the entire FORC distribution, MCR∕Mirs, to quantify the contribution of the central ridge. This ratio
ranges from 0 for pure multidomain grains to 1 for pure noninteracting SD grains. The detailed analyses
parameters can be downloaded from a repository (see data availability in the Acknowledgments section).

FMR spectra were obtained using a JES-RE2X ESR spectrometer (JEOL) at the Department of Chemistry,
Tohoku University. The frequency of microwave was ∼ 9.4 GHz (X-band), and the power was 1 mW. The
range of the applied magnetic field was 0–800 mT. The spectra were compared visually with simulated
spectra for randomly oriented magnetosomes (Charilaou, 2017; Charilaou et al., 2011, 2015) through a grid
search for Buni and Bcub at 1 mT resolution.

5. Results
5.1. Magnetic Anisotropies
Majority of the samples revealed normal AMS fabrics concordant with horizontal bedding, as indicated
by near-vertical K3 directions (Figures 1a and 1d). The interval from ∼ 2 to 3.2 m shows some deviation
and scatter in the K3 directions. We consider this as due to the core disturbance, which was obvious at
3.2–3.97 m. K1 and K2 axes distributed almost randomly in the horizontal plane with only very weak pref-
erence of the K1 declination toward ∼280◦ in core coordinates, resulting in Tj ∼ 1 (Figure 1e). However,
around 6.7–8.6 m, AMS revealed inverse fabrics with horizontal K3 (Figures 1b–1d). Tj was close to −1 in
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Figure 1. (a–c) Equal area projection of the principal AMS axes directions in core coordinates. Blue squares are K1,
green triangles are K2, and red circles are K3. Panel (a) displays all data, (b) 6.65–7.5 m, and (c) 8–8.6 m. (d–f) Depth
profile of AMS parameters. Shaded areas indicate the intervals with the inverse fabrics (6.65–7 and 8–8.6 m). Vertical
dashed lines indicate the position of possible hiatus (Usui et al., 2017).

this interval. The degree of anisotropy is generally low, Pj < 1.02 (Figure 1f). The anisotropy was particularly
low around the interval with the inverse AMS; nonetheless, the K3 axes showed preferred orientation at
∼0◦ (Figures 1b and 1c).

The inverse fabrics were confirmed by AARM which showed only normal fabrics, indicating that core dis-
turbance as a cause for the discordant AMS can be ruled out (Figure 2). The maximum AARM axes showed
a preferred direction similar to K3 of the samples with the inverse AMS.

Km was on the order of 10−3 SI, indicating dominant contribution of ferrimagnetic minerals (Figure 3).
Overall, the profile of Km matched with SIRM except for a large peak at around 6 m in Km, supporting that
the ferrimagnetic minerals controlled Km.

5.2. Ferrimagnetic and Paramagnetic Susceptibility
Kh∕Kvsm ranged from 0.04 to 0.14, also showing the dominant contribution of ferrimagnetic minerals com-
pared to the paramagnetic minerals (Figure 4). Kf showed good correlation with SIRM throughout the core
(Figure 4). Kp was smaller around the interval with the inverse AMS (Figure 4e).

5.3. FORCs
Usui et al. (2017) had already reported the FORC diagrams from this core. They showed clear central ridge,
especially below ∼ 5.5 m. The depth profile of the ratio MCR∕Mirs correlated very well with kARM/SIRM
(Figure 5), supporting the use of kARM/SIRM to detect noninteracting SD particles (Li et al., 2012). The
MCR∕Mirs was stable at ∼0.62–0.69 below ∼ 5.5 m, including the intervals with inverse AMS fabrics.
The values did not correlate with SIRM or Km (Figure 3).

5.4. FMR
Below ∼ 5.5 m, FMR spectra showed strong asymmetry (Figure 6), which is suggestive of the presence of
magnetosomes (Weiss et al., 2004; Kopp et al., 2006; Charilau et al., 2011). This is consistent with the high

USUI ET AL. 10,676
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Figure 2. (a) Equal area projection of the principal AARM axes directions in core coordinates. Blue squares are
maximum, green triangles are intermediate, and red circles are minimum direction. (b) Depth profile of the
inclindation of the minimum AARM axis. Shaded areas indicate the intervals with the inverse AMS fabrics
(6.65–7.5 and 8–8.6 m). Vertical dashed line indicates the position of possible hiatus.

kARM/SIRM and MCR∕Mirs in this interval. The spectra also revealed peaks broadly similar to the intact
magnetosomes from cultured magnetotactic bacteria (Kopp et al., 2006; Weiss et al., 2004). This is in contrast
with a previous report of FMR spectra for pelagic clay from the Atlantic (Kopp et al., 2006), showing that at
least some pelagic clay contains well preserved chains of magnetite. The first peaks of the spectra were at
around 245 mT, which is higher field compared to the spectra obtained from cultured magnetotactic bacteria
(Kopp et al., 2006; Weiss et al., 2004). The spectra shapes did not correlate directly with the AMS fabrics but
with the morphology of magnetofossils. On the basis of the component analyses of isothermal remanence,
Usui et al. (2017) estimated that the elongated magnetofossils are dominant between ∼6.5 and 8 m. The
FMR spectra for this interval were distinct; the peak around 400 mT was shifted toward higher field than
the other samples (Figure 6).

We selected the samples from 5.69 and 7.13 m as the most representative of the equant and elongated mag-
netofossils, respectively. Reasonable fits with simulated spectra were found for the equant magnetofossils
(5.69 m) with Buni = 90 ± 3 mT, Bcub = −1+1

−2 mT, and 𝛥B = 60 mT, together with the isotropic background
with Bres = 320 mT (Figure 7). We note that these Bcub are much lower than the value expected for magnetite
(∼ 23 mT). Maghemitization can partly account for this difference (Fischer et al., 2007), which should be per-
vasive in oxic red clay. However, pure maghemite still have Bcub = −12.2 mT with Kc = −4.65 kJ∕m3 and
Ms = 380 kA/m (Dunlop & Özdemir, 1997), and experimentally obtained FMR spectra of partly maghemi-
tized magnetosomes showed Bcub similar to nonoxidized magnetosomes (Gehring et al., 2012). The low Bcub

may reflect inhomogeneity of the field within single crysals (Charilaou, 2017) or chains. In this and follow-
ing calculations, we consider that the magnetofossils were maghemitized, and Ms = 380 kA/m. The main
aspects would not change if we use Ms = 480 kA/m (magnetite). For the elongated magnetofossils (7.13 m),
reasonable fits were found using the model where the [100] directions are along the chain (Charilaou et al.,
2015). The parameter ranges were Buni = 104 ± 3 mT and Bcub = −5+2

−1 mT (Figure 7).
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Figure 3. Depth profile of Km and SIRM. Shaded areas indicate the intervals with inverse AMS fabric (6.65–7.5 and
8–8.6 m). SIRM data are from Usui et al. (2017). Vertical dashed lines indicate the position of the possible hiatus.

6. Discussion
The comparison between AMS and AARM indicated that the inverse AMS fabrics observed at around 7 m
were due to SD magnetite. High Km, close correlation between Km and SIRM, and low Kh∕Kvsm showed that
ferrimagnetic minerals controlled Km, while rock magnetic and microscopic data showed that magnetofos-
sils were the main ferrimagnetic minerals (Usui et al., 2017). Thus, the variation of AMS is likely to reflect
the abundance and alignment of magnetofossils. The inverse AMS was only observed at particular intervals.

Figure 4. (a) Example of hysteresis loop. Dashed line represents remanent hysteresis (von Dobeneck, 1996).
(b) Example of initial magnetization curve measurements. (c) Depth profile of Kh∕Kvsm. (d, e) Depth profile of
ferrimagnetic susceptibility Kf (open triangles) and paramagnetic susceptibility Kp (crosses). Small gray circles
represent Km. Shaded area indicate the intervals with the inverse AMS fabrics (6.65–7.5 and 8–8.6 m). Vertical dashed
lines in (c–e) indicate the position of possible hiatus.

USUI ET AL. 10,678
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Figure 5. Depth profile of kARM/SIRM (black circles, left axis) and MCR∕Mirs (open triangles, right axis). Shaded area
indicate the intervals with the inverse AMS fabrics (6.65–7.5 and 8–8.6 m). kARM/SIRM data are from Usui et al.
(2017). A vertical dashed line indicates the position of the possible hiatus.

This implies that the magnetofossils have a limited contribution to the anisotropy, while they have a large
contribution to Km. We will examine this quantitatively using simple mixing models. In the sediment, we
may consider three subfabrics of AMS: Ki an inverse fabric from magnetofossils, Kj a normal fabric from
terrigenous ferrimagnetic minerals, and Kp from paramagnetic minerals. We will first examine the mixing
of mean susceptibility and then consider the mixing of subfabrics to constrain the anisotropy.

The three-component mixing model for the mean susceptibility is

Ki
m = pKm (8)

Figure 6. FMR spectra. (top) Samples above 5.5 m where kARM/SIRM are relatively low. (middle) Samples where the
dominance of the equant magnetofossils was estimated. (bottom) Samples where the dominance of the elongated
magnetofossils was estimated. Arrows on the right indicate the samples showing the inverse AMS fabric. Vertical
dashed lines are eye guides at 245, 320, and 393 mT.
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Figure 7. Fitting for the FMR spectra. (a) Simulated magnetofossil spectra for 5.69 m. The gray curves represent the
calculations for the plausible range of the parameters (Buni = 90 ± 3 mT and Bcub = −1+1

−2 mT), and the thick red curve
represents the optimal case (Buni = 90 mT and Bcub = −1 mT). (b) Simulated magnetofossil spectra for 7.13 m. The gray
curves represent the calculations for the plausible range of the parameters (Buni = 104 ± 3 mT and Bcub = −5+2

−1 mT),
and the thick red curve represents the optimal case (Buni = 104 mT and Bcub = −5 mT). (c) The optimal fit (red)
calculated with the simulated spectra in (a) and an isotropic contribution and the observed spectra (black) for 5.69 m.
(d) The optimal fit (red) calculated with the simulated spectra in (b) and an isotropic contribution and the observed
spectra (black) for 7.13 m. Vertical dashed lines are eye guides at 245 and 393 mT (a, c) or at 241 and 407 mT (b, d).

K𝑗

m = qKm (9)

Kp
m = (1 − p − q)Km (10)

where p and q are the mixing ratio of Ki
m and K𝑗

m, respectively. Usui et al. (2017) showed that the magneto-
fossils account for > 89% of IRM below 5.5 m, so p is likely to be much larger than q. To get some bounds
for p from the susceptibility, we introduce an assumption that the contribution of Kj relative to Kp is near
constant, that is,

c ≃ q∕(1 − p) (11)

This is likely to be valid for pelagic clay with constant composition of terrigenous flux and a diagenetic
condition. On the other hand, Usui et al. (2017) reported the presence of hiatus at around 5.3 m, and the
concentration of terrigenous ferrimagnetic minerals per unit volume increased upcore from this depth.
Therefore, we restrict our model to the sediment below 5.5 m. The validity of the relation (11) is also sup-
ported from the anisotropy, as discussed later. We have obtained the proportion of ferrimagnetic minerals
Kf∕Km = p + q through the VSM measurements, so p is only dependent on c:

p = (K𝑓∕Km − c)∕(1 − c) (12)

Figure 8 shows the variation of p and q for various c. For large c, p∕(p + q) exhibits large variation, which
is not compatible with near constant kARM/SIRM and MCR∕Mirs (Figure 5). In this model, near constant
p∕(p + q) were obtained for c < 0.5.

Small c would suppress the variation in p, which makes the transition to inverse AMS difficult. An alter-
native explanation to allow larger c and a contrast among p and kARM/SIRM or MCR∕Mirs may be due to
grain susceptibility, but we argue that this effect is limited. Theoretically, the contribution of magnetofos-
sils to bulk susceptibility can be enhanced by increasing grain susceptibility without increasing volume nor
remanence of magnetofossils. Grain susceptibility of SD particles depends on particle-scale anisotropy, and
anisotropy of magnetosomes depends on the shape, the crystallographic orientation, and the chain config-
uration of constituting crystals (Charilaou, 2017). The interval with inverse AMS fabrics also coincides with
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Figure 8. (top) Model calculations for the susceptibility mixing ratio of magnetosomes p. Black circles show the case
with c = 0.7, open triangles c = 0.5, and crosses c = 0.2. (bottom) Comparison between the estimated magnetofossil
contributions using susceptibility (p∕(p + q)) and FORCs (MCR∕Mirs; gray circles connected by dashed line).

the peak abundance of the elongated magnetofossils (Usui et al., 2017). If the elongated magnetofossils have
higher grain susceptibility, p can take higher values around 6.7–8.6 m as in the case c > 0.5 (Figure 8). We
provide three lines of evidence argue against strong effect of grain susceptibility. First, we compare Km and
SIRM (Figure 9). If grain susceptibility increases, Km / SIRM are expected to increase. However, the ratios
do not change much, and at around 6.7–8.6 m, they exhibit minima rather than maxima.

A caveat is that Km and SIRM include non-SD contributions, but at least there is no evidence for the
enhanced grain susceptibility of magnetofossils in the interval. Second, the FMR spectra did not correlate
with the AMS fabric. The sample from 8.51 m showed an inverse fabric, but the FMR spectra showed the
peak positions similar to the sample from 5.69 m (Figure 6), which showed a normal fabric and interpreted
as dominated by equant magnetofossils (Usui et al., 2017). Conversely, the sample from 8.15 m showed nor-
mal fabric, but the FMR spectra is similar to the samples from 6.7 and 7.13 m. Given that the FMR spectra
possibly reflect the magnetofossil morphology, these results qualitatively argue against the controlling effect
of the magnetofossil morphology on susceptibility. Third, we quantitatively estimated the grain susceptibil-
ity of a chain of magnetosomes using Buni and Bcub. We used the formulae from Charilaou (2017) to calculate
equilibrium magnetization for 10,000 randomly oriented grains under a 0.5 mT field. Figure 10 shows the
estimated susceptibility for the plausible anisotropy parameters for the equant and elongated magnetofos-
sils. In this range, the grain susceptibility difference between the equant and elongated magnetofossils is at

Figure 9. Depth profile of Km / SIRM. Shaded areas indicate the intervals with the inverse AMS fabrics (6.65–7.5 and
8–8.6 m).

USUI ET AL. 10,681

 21699356, 2019, 11, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2019JB

018128 by U
niversity O

f T
okyo, W

iley O
nline L

ibrary on [22/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Solid Earth 10.1029/2019JB018128

Figure 10. Estimation of grain susceptibility for the different magnetofossil morphologies for Buni (left) and Bcub
(right) constrained by the FMR data. Black circles represent the equant magnetofossils, and open triangles represent
the elongated magnetofossils. Data correspond to optimal parameters estimated by FMR are highlighted by red.

most ∼ 10 %, which is smaller than the variation of p in the case of c = 0.5 (Figure 8). Therefore, we argue
that the change in AMS fabrics within the interval with near constant kARM/SIRM or MCR∕Mirs cannot be
attributed to grain susceptibility, and that c is small, probably c < 0.5 (Figure 8). This is consistent with the
small concentration of terrigenous ferrimagnetic minerals below 5.5 m (Usui et al., 2017). The value c < 0.5
corresponds to p > 0.8 (Figure 8), i.e., the magnetofossils account for > 80 % of bulk susceptibility for all
sediment below 5.5 m.

The inferred high contribution of the magnetofossils to bulk susceptibility despite of the dominance of nor-
mal fabric (Figure 1) suggests lower fabric intensity of the magnetofossils than terrigenous minerals. We
will examine this by modeling AMS fabrics. Noting that the AMS fabrics were mostly controlled by bedding
(Figure 1), we ignore the scatter and consider one principal susceptibility closest to vertical as kz. From the
remaining two axes, kx was chosen as the axis closer to x in core coordinates. When plotted against Kf ∕Km

(Figure 11), the trend of kz was nearly linear, while kx and ky revealed scatter.

For samples below 5.5 m, all three values followed linear trends. Again, this may reflect different sources
for the terrigenous component above 5.5 m. These results indicate that the variation of AMS fabric below
5.5 m can also be explained by the relative contribution of an inverse subfabric from ferrimagnetic minerals

Figure 11. Normalized principal AMS versus Kf ∕Km. Solid squares represent kz, open circles kz, and gray triangles ky.
(top) Data spanning the entire core. (bottom) Data for samples below 5.5 m. Horizontal dotted line shows k = 1.
Dashed line in the bottom plot is a linear fit to kz.
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Figure 12. Graphical representation of the extrapolation to estimate the sub-fabrics. Solid squares are kz data. Dashed
line is simple extrapolation of the observed linear trend (Figure 11) which gives ki with Pj = 1.013. Solid line is an
extreme scenario where the fabric of magnetofossils (MF) is isotropic for Kf ∕Km below the observed data (see text for
more details). The normal sub-rabric kn is found at the intersect with Kf ∕Km = c represented by a vertical dotted line
for c = 0.5.

and a normal subfabric which contains fixed proportion of paramagnetic minerals as in (11). Similarly, the
three-component mixing model for normalized anisotropy is

k = pki + c(1 − p)k𝑗 + (1 − c)(1 − p)kp (13)

By extrapolating the linear trend in k (Figure 11) to Kf∕Km = 1(p = 1), we can obtain an estimate of the mag-
netofossil subfabric (Figure 12). Approximating Kx = Ky, this predicts Pj = 1.013. This is within the typical
values observed for pelagic sediment at shallow depth (Kawamura & Ogawa, 2004; Maffione & Morris, 2017).
However, this comparison is not appropriate, because SD magnetite have much higher grain anisotropy
compared to larger magnetite or paramagnetic minerals (Li et al., 2013; Tarling & Hrouda, 1993). By numer-
ical calculations, Hrouda and Ježek (2017) showed that uniaxial SD magnetite requires orders of magnitude
smaller preferred orientation than multidomain magnetite to achieve the same Pj of AMS. Therefore, our
results indicate that the magnetofossils have much weaker sedimentary preferred orientation compared to
typical pelagic sediment and that was the main reason for the limited occurrence of the inverse AMS fabric.

We can also estimate the normal subfabric by extrapolating the linear trend to lower Kf ∕Km (Figure 12). In
this model, ferrimagnetic normal subfabric is always present in the background, and the extrapolation is
limited to Kf ∕Km = c(p = 0) where we would observe the pure normal subfabric kn = ckj+(1−c)kp. We have
seen that c is likely to be small (< 0.5). This predicts rather strong anisotropy; for example, a conservative
value of c = 0.5 predicts Pj = 1.11 with an approximation Kx = Ky (Figure 12). Similar values have been
observed only for undeformed pelagic sediment obtained from >80 mbsf by ocean drillings (Kawamura &
Ogawa, 2004; Maffione & Morris, 2017). We note that the assumption of constant ki is not as safe as that
for Ki

m. We have discussed that the magnitude of grain susceptibility is likely to be similar between equant
and elongated magnetofossils, but we do not have evidence for similar macroscopic fabric among them.
Nonetheless, even with extreme assumptions that (1) the equant magnetofossils have isotropic AMS, (2)
only the equant magnetofossils are present for Kf ∕Km below the observed data, and (3) c = 0.5, we obtain
Pj ∼ 1.05 (Figure 12). Note that this scenario reduced the anisotropy of magnetofossils, so the significant
contrast in fabric intensity between magnetofossils and terrigenous minerals was not avoided. On the other
hand, acoustic data suggested that> 40 m of overlying sediment is missing at the site (Nakamura et al., 2016).
Therefore, we speculate that the estimated high Pj for the normal subfabric reflects the burial and subsequent
erosion of significant thickness (> 80 m) of sediment. The value of c as well as kp can be independently
determined through paramagnetic anisotropy (Ferré et al., 2004; Kelso et al., 2002). Those data can test
the intensity of the subfabrics. If the strong normal subfabric is special to this region, inverse AMS due to
magnetofossils may be widespread among pelagic clay.

USUI ET AL. 10,683

 21699356, 2019, 11, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2019JB

018128 by U
niversity O

f T
okyo, W

iley O
nline L

ibrary on [22/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Solid Earth 10.1029/2019JB018128

The inverse AMS fabrics clearly revealed preferred orientation of K2 and K3 (Figure 1). It is tempting to
consider that this preferred declination reflects the alignment of magnetofossils due to the past geomagnetic
field. On the other hand, it has been shown that subtle strain coming from sampling or liner deformation
can induce artificial AMS (Copons et al., 1997; Shimono et al., 2014). Our data showed no clear sign of such
artificial AMS (Figure 1). It is possible for magnetofossils to be more sensitive to deformation. However,
the magnetofossils were estimated to have weaker sedimentary fabrics, suggesting that they may be less
sensitive to the deformation due to natural compaction. The effect of the geomagnetic field on the AMS of
magnetofossils may be tested by examining the reltionship with AMS and paleomagnetic directions.

7. Conclusion
Pelagic red clay from the western North Pacific revealed inverse AMS fabrics in limited intervals. Ferrimag-
netic contribution dominated the mean susceptibility. Rock magnetic data indicated that the magnetofossils
dominate the ferrimagnetic minerals for ∼ 6 m of sediment above and below the layer with the inverse
fabrics, while most of the sediment showed normal AMS fabrics. Linear modeling suggested that the contri-
bution of the magnetofossils to the mean susceptibility is likely to be > 80%. To account for the dominance
of normal fabrics, the foliation of the magnetofossils must be weaker than that of terrigenous minerals.
Mixing calculations for the anisotropy indicated that the magnetofossils have AMS fabrics with Pj ∼ 1.01.
Considering the high grain anisotropy of the magnetofossils, this corresponds to very weak grain foliation.
AMS also suggests a preferred declination of the magnetofossils. This may reflect the past geomagnetic field
direction. Alternatively, this may reflect higher sensitivity of magnetofossils to subtle artificial deformation.
Mixing calculations for the anisotropy also suggested that the terrigenous minerals have strong AMS with
Pj > 1.11. A high AMS of terrigenous minerals is consistent with the acoustic survey, suggesting erosion of
> 80 m of sediment. Inverse AMS fabrics due to magnetofossils may be widespread in pelagic clay.
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