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Abstract

Reductive dissolution of magnetite is known to occur below the Fe-redox boundary in sediments. In this study,
detailed processes associated with biogenic magnetite dissolution are documented. A sediment core from the Japan
Sea was used for this purpose, in which reductive dissolution of magnetic minerals is known to start at depths of
about 1.15 m and is mostly complete within a depth interval of about 0.35 m. Using first-order reversal curve dia-
grams, preferential dissolution of biogenic magnetite within this interval is estimated from the observation that a nar-
row peak that extends along the coercivity axis (central ridge), which is indicative of biogenic magnetite, diminishes
downcore. Transmission electron microscopy is used to demonstrate that the sediments contain three magnetofossil
morpho-types: octahedra, hexagonal prisms, and bullet-shaped forms. Within the reductive dissolution zone, partially
etched crystals are commonly observed. With progressive dissolution, the proportion of bullet-shaped magnetofossils
decreases, whereas hexagonal prisms become more dominant. This observation can be explained by the differences
in resistance to dissolution among crystal planes of magnetite and the differences in surface area to volume ratios.
Magnetofossil morphology may reflect the preference of magnetotactic bacterial lineages for inhabiting specific
chemical environments in sediments. However, it could also reflect alteration of the original morphological composi-
tions during reductive diagenesis, which should be considered when using magnetofossil morphology as a paleoen-

vironmental proxy.
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Introduction

It is important to understand magnetic mineral diagen-
esis after deposition of sediments to constrain interpreta-
tion of paleomagnetic records and of paleoenvironments
using rock-magnetic proxies (e.g., Roberts 2015). Asso-
ciated with organic matter degradation, reduction
from Fe®™ to Fe?" begins after sequential progression
of aerobic respiration, nitrate reduction, and manga-
nese reduction. Below the Fe-redox boundary, where
iron reduction starts, magnetic mineral dissolution may
occur. The depth of the Fe-redox boundary in a sedi-
ment column varies from zero to tens of meters or more
below the seafloor depending on various factors, includ-
ing organic-carbon influx and bottom-water oxygen
content. Reductive dissolution of magnetic minerals has
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been reported widely from various sediments (e.g., Karlin
and Levi 1983; Canfield and Berner 1987; Yamazaki et al.
2003; Rowan et al. 2009; Korff et al. 2016). As reduction
continues, sediments undergo sulfidic diagenesis and
iron sulfide minerals like greigite and pyrite grow within
the sediments (Rowan et al. 2009; Roberts 2015).

It is now recognized widely that biogenic magnetite
is a major constituent of magnetic mineral assemblages
in marine sediments that have not undergone reductive
diagenesis (Roberts et al. 2011, 2012, 2013; Yamazaki and
Ikehara 2012; Yamazaki and Shimono 2013). Biogenic
magnetite may, thus, play an important role in sedimen-
tary remanent magnetization acquisition (Kirschvink
1982; Ouyang et al. 2014; Chen et al. 2017). In addition,
magnetofossil morphology may be a proxy for past sedi-
ment chemical conditions (Hesse 1994; Yamazaki and
Kawahata 1998; Chang et al. 2018; Yamazaki et al. 2019).
Biogenic magnetite undergoes reductive dissolution like
magnetic minerals of other origins, and biogenic magnet-
ite is inferred to be lost earlier than other magnetite types
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because of its finer grain sizes (Karlin 1990). Reductive
dissolution of biogenic magnetite should influence pale-
omagnetic and paleoenvironmental interpretation, but
the details of the dissolution processes have not been
reported so far.

The purpose of this study is to document dissolution
processes of biogenic magnetite during reductive diagen-
esis based on first-order reversal curve (FORC) diagrams
and transmission electron microscope (TEM) observa-
tions. We discuss differences in resistance to reductive
diagenesis depending on magnetofossil morphology.

Material

Sediment core GH98-1232 from the northern part of the
Japan Sea at 44° 48.09’ N, 139° 41.97’ E was used for this
study (Fig. 1). The water depth of the coring site is 838 m,
and the present-day Fe-redox boundary occurs a few
centimeters below the sediment—water interface, which
is recognized from a brown-to-gray change in sediment
color. A rock-magnetic study by Yamazaki et al. (2003)
revealed that reductive dissolution of magnetic minerals
starts at depths of about 1.15 m in this core and is mostly
completed within an interval of about 0.35 m (Fig. 2,
Additional file 1: Table S1). Magnetic concentration-
dependent parameters decrease rapidly downcore within
this interval with the anhysteretic remanent magnetiza-
tion (ARM) decreasing first, followed by the saturation
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Fig. 1 Location of the studied core in the Japan Sea
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Fig. 2 Variations of magnetic-mineral concentration and grain size
with depth in core GH98-1232. a Relative variations of anhysteretic
remanent magnetization (ARM) (red), saturation isothermal remanent
magnetization (SIRM) (green), and magnetic susceptibility (k) (blue)
after Yamazaki et al. (2003). b The ratio of ARM susceptibility (kag) to
SIRM. Smaller ratios are interpreted to be indicative of larger average
magnetic grain sizes. Thin horizontal lines indicate depth horizons for
samples for which datasets are shown in Figs. 3 and 4

isothermal remanent magnetization (SIRM), and then
the low-field magnetic susceptibility. Average magnetic
grain size estimated from the ratio of ARM susceptibil-
ity (kypp) to SIRM rapidly increases downcore from 1.18
to 1.35 m, which indicates that finer magnetic grains are
lost before larger grains. Average magnetic grain size
then decreases a little between 1.35 and 1.6 m. Based on
S-ratio and low-temperature measurements, magnetite
dominates the magnetic mineral assemblage of surface
sediments to the depth at which dissolution initiates, and
the relative proportion of high-coercivity minerals (e.g.,
hematite) increases with depth as magnetite dissolves
preferentially in this interval (Yamazaki et al. 2003).

FORC diagrams

FORC diagrams are used widely in rock magnetism to
elucidate the distribution of coercivities (H,) and magne-
tostatic interactions (H,) within magnetic particle assem-
blages, from which information on domain states, grain
sizes and shapes, mineralogy, and spatial distribution of
constituents can be obtained (e.g., Pike et al. 1999; Rob-
erts et al. 2000, 2014). FORC diagrams are particularly
useful for detecting biogenic magnetite in sediments;
intact chains of biogenic magnetite behave as isolated
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non-interacting single-domain (SD) grains, which pro-
duce a characteristic narrow peak that extends along the
coercivity axis at zero interaction field on a FORC dia-
gram, called the “central ridge” (Egli et al. 2010; Li et al.
2012; Roberts et al. 2012; Yamazaki and Ikehara 2012;
Chang et al. 2014).

FORC measurements were conducted at~5 cm
stratigraphic intervals within and near the magnetic-
mineral dissolution zone using an alternating-gradient
magnetometer (Princeton Measurements Corporation
MicroMag 2900) at the Geological Survey of Japan (GSJ),
National Institute of Advanced Industrial Science and
Technology (AIST). A total of 167 FORCs were meas-
ured for each sample, with H, between 0 and 100 mT, H,
between —50 and 50 mT, and field spacing of approxi-
mately 1.3 mT. The maximum applied field was 1.0 T,
and the averaging time for each measurement point was
200 ms. The FORCinel software (Harrison and Feinberg
2008, version 3.05 in 2019) was used to produce dia-
grams, and the VARIFORC algorithm of Egli (2013) was
used to smooth the data with smoothing parameters of
Soo=4%4S,=3and S, =S,,=7.

FORC diagrams above the magnetic-mineral dissolu-
tion zone (1.00 and 1.14 m) have a sharp central ridge
feature along the H,=0 axis, which indicates the con-
tribution of non-interacting SD grains (Fig. 3a). This
SD signature is interpreted to be of biogenic origin. The
FORC diagrams also have broad vertical spread with an
elliptical peak at a coercivity of 10—15 mT, and outer con-
tours diverge from the H,=0 line toward the H, axis.
This component is considered to be carried by a mixture
of interacting SD, vortex state, and multi-domain (MD)
grains (Roberts et al. 2000, 2014, 2017; Lascu et al. 2018),
which are interpreted to be of terrigenous origin. Col-
lapsed chains of biogenic magnetite may also be included
in this component (Li et al. 2012; Harrison and Lascu
2014). The contribution of the central ridge component
decreases with depth within the dissolution zone, which
is evident as a diminishing extracted central ridge signal
with depth (Fig. 3b) and a downcore decrease of the pro-
portion of the central ridge component to the broader,
more vertically spread components on profiles along
H,=40 mT (Fig. 3c) and along H,=0 (Fig. 3d). These
observations indicate selective dissolution of biogenic
magnetite. Coercivity distributions of both the biogenic
and terrigenous components shift to lower values along
with progressive reductive diagenesis (Fig. 3d); the peak
coercivity of the biogenic component, initially ~45 mT,
decreases to~25 mT. This is probably due to decreas-
ing grain volumes with dissolution. For the sample from
the base of the dissolution zone at 1.49 m, vertical spread
becomes somewhat narrower and the proportion of the
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central ridge component increases a little compared with
the sample from 1.36 m.

TEM observations

TEM observations provide a direct way to investigate
biogenic magnetite in sediments, which is complemen-
tary to FORC measurements. Biogenic magnetite can be
identified directly in TEM images from its characteris-
tic morphologies (bullet shaped, hexagonal prisms, and
octahedra) and uniform SD grain sizes (Bazylinski et al.
1994; Kopp and Kirschvink 2008). Particle morphology
is not known from FORC distributions, although parti-
cle elongation may be estimated from coercivity distribu-
tions (Egli 2004; Yamazaki and Ikehara 2012; Usui et al.
2017; Chang et al. 2018; Yamazaki et al. 2020). The lim-
itation of TEM observations is, on the other hand, that
a particle population under a TEM may not faithfully
represent the original magnetic-mineral assemblage in a
sample because magnetic-mineral extraction is required
for observations. In this context, FORC distributions
provide more quantitative information.

Magnetic minerals extracted from seven depths in the
core, 1.00, 1.14, 1.18, 1.23, 1.27, 1.36, and 1.49 m, were
observed using a TEM. To extract magnetic minerals,
sediments were first dispersed in distilled water with
sodium hexametaphosphate using an ultrasonic bath, and
magnetic minerals were then collected by circulating the
dispersed sediments through a high magnetic field gradi-
ent. The magnetic extracts were dispersed in ethanol, and
a small drop of the suspension was subsequently dried on
a carbon-coated copper grid. A TEM (JEOL JEM-1400)
at the Atmosphere and Ocean Research Institute, The
University of Tokyo, operated at 120 kV, was used for the
observations.

From morphologies seen in TEM images, magneto-
fossils were classified into three groups: bullet shaped,
elongated, and equant (Fig. 4), although some ambigu-
ity remains in estimating three-dimensional morphol-
ogy from an image projected onto a plane. The elongated
group consists of hexagonal prisms and elongated octa-
hedra. The equant group is represented by cubo-octa-
hedra, although short hexagonal prisms with length/
width ratios close to one are also included in this group.
Bullet-shaped magnetofossils can be identified easily
from their morphology. Relative abundances of biogenic
magnetite from each morphological group and their
grain-size distributions were obtained by counting sev-
eral hundred grains in about 100 images for each sam-
ple. It should be noted that this kind of analysis remains
semi-quantitative.

The sediments before reductive dissolution starts con-
tain abundant magnetofossils of all three morpho-types
(Fig. 4a), as reflected by the wide coercivity distribution
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Fig. 3 First-order reversal curve (FORC) results for samples from seven depth horizons shown in Fig. 2, indicating a FORC diagrams, b the central
ridge component extracted from the respective FORC diagrams (Egli et al. 2010), ¢ profiles of magnetostatic-interaction field (H,) distributions at a
coercivity (H.) of 40 mT: the central-ridge component (blue), the background component with vertical spread (black), and the total of the two (red),

and d profiles of coercivity distributions at zero interaction field (H,=0): the central-ridge component (red) and the total (black)
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Fig. 4 Transmission electron microscope (TEM) images of magnetic extracts from seven depth horizons shown in Fig. 2. Samples from a 1.00 m, b,
c1.14m,d-f1.18m,g,h 1.23m,i,j 1.27 m, k 1.36 m, and | 1.49 m. Magnetofossils in (a, b) have sharp crystal edges, whereas those of (c) through (j)
are partially etched. Grains in k, I are likely silicates with magnetic inclusions. Scale bar: 50 nm (c-e, g, i, j), 100 nm (a, b, f, h), and 200 nm (k, I)

100.0nm

along the central ridge of the FORC diagrams, from
about 20 to 80 mT (Fig. 3). At the beginning of the
reductive dissolution interval at 1.14 m, most of the bio-
genic magnetite has sharp crystal edges with little sign
of dissolution in TEM images (Fig. 4b). However, some

bullet-shaped magnetofossils have wavy crystal surfaces
(Fig. 4c, arrows), which are indicative of partial dissolu-
tion. For the samples from 1.18 and 1.23 m, at which dis-
solution is underway (Fig. 2), many crystals are partially
etched (Fig. 4d—g). It is often observed that the caps of
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Fig. 5 Morphology and grain size of magnetofossils with respect to magnetic domain state. Samples are depths ofa 1.00 m, b 1.14 m, c 1.18 m,
and d 1.23 m in the core. Magnetofossils are categorized into the three groups based on their morphology: bullet shaped (red), elongated (blue),
and equant (green). Bold dashed curves indicate the maximum single-domain (SD) region for chains of magnetite particles with magnetostatic
interactions after Muxworthy and Williams (2009)

hexagonal prisms, which are constituted by {111} faces
(Mann 1985; Meldrum et al. 1993), are etched, while
side faces are almost intact (Fig. 4d, f). The wavy corro-
sion also affects bullet-shaped magnetofossils (Fig. 4e).
Corroded equant magnetofossils have rounded shapes
in general, which suggests that octahedral edges are cor-
roded (Fig. 4g, h). In the lower part of the dissolution
interval at 1.27 m, the characteristic morphologies of bio-
genic magnetite are almost lost (Fig. 4i, j), although some
particles are inferred to be of biogenic origin from their
sizes within or near the SD range. At 1.36 and 1.49 m near
the base of the dissolution interval, no magnetofossils

remain. Some grains that resemble silicate-hosted mag-
netic inclusions (Chang et al. 2016a; Zhang et al. 2018)
are observed (Fig. 4k, 1).

Length/width distributions for each magnetofossil
morpho-type determined in TEM images at four depths
above and within the dissolution zone are shown in Fig. 5
and Additional file 2: Table S2. Bullet-shaped magneto-
fossils are lost before others, and magnetofossils of the
elongated group are most resistant to reductive dissolu-
tion. The proportion of the bullet-shaped group is~40%
before dissolution starts, and decreases to 14% at 1.23 m.
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On the other hand, the proportion of the elongated group
increases from 38 to 63%.

Discussion

FORC diagrams and TEM observations presented here
reveal that biogenic magnetite dissolves preferentially
in the interval between~1.15 and 1.5 m in core GH98-
1232, where magnetic-mineral dissolution was previously
estimated from a rapid magnetic-mineral concentration
decrease with an average grain-size increase. Biogenic
magnetite generally has smaller grain size and hence
higher surface area to volume ratio than terrigenous mag-
netic minerals, which is presumably responsible for the
earlier dissolution of biogenic magnetite. Magnetite may
also occur as inclusions within silicate minerals (Figs. 4k,
1) and be protected from reductive dissolution (Chang
et al. 2016a; Zhang et al. 2018; Usui et al. 2018). This con-
tributes to the relative loss and preferential dissolution
of biogenic magnetite with respect to detrital magnetite.
In low-temperature measurements, the temperature of
the maximum gradient in thermal decay curves of SIRM
imparted at 6 K increases downcore from~ 106 to 118 K
at about 1.5 m (Fig. 11 of Yamazaki et al. (2003)), which
is close to the depth of magnetofossil disappearance.
This indicates the usefulness of the method proposed by
Chang et al. (2016b) for discriminating biogenic magnet-
ite from the detrital counterpart using the Verwey tran-
sition temperature. The narrower vertical spread in the
FORC diagram and the remaining central-ridge compo-
nent at the base of the dissolution zone at 1.49 m (Fig. 3)
may be explained by the presence of silicate-hosted mag-
netic mineral inclusions, which are resistant to dissolu-
tion. The inclusions would have smaller magnetostatic
interactions compared with aggregated bare terrigenous
magnetites, which were mostly dissolved by this depth.
The rebound of the average magnetic grain size observed
in kygp/SIRM (Fig. 2b) may also be explained by the sil-
icate-hosted magnetic inclusions; their grain sizes could
be smaller than unprotected terrigenous magnetites.

This study reveals that resistance to reductive dis-
solution depends on magnetofossil morphology. With
progressive reductive dissolution, the proportion of
bullet-shaped magnetofossils decreases, whereas that of
elongated magnetofossils, which mainly consist of hex-
agonal prisms, increases. Because of the short dissolution
interval of ~0.35 m, changes of biogenic magnetite pro-
duction associated with variations in sediment environ-
ments should be small. This is supported by the similarity
of the proportions of individual morpho-types above
(1.00 m) and at the top (1.14 m) of the dissolution inter-
val (Fig. 5).

The morphological dependence of magnetofossil disso-
lution can be explained by differences of crystallographic
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planes in magnetite and their different susceptibility to
reductive dissolution. Allen et al. (1988) reported that
among the (111), (110), and (100) planes of magnetite,
the dissolution rate in a reducing agent is the largest for
the (111) plane and smallest for the (110) plane, and that
the difference in dissolution rate is more than a factor
of two. The difference was inferred to be due to the fact
that the (111) plane has a close-packed array of oxygen
atoms, which would be easily protonated under acidic
conditions (Allen et al. 1988). Hexagonal prisms elon-
gate in the [111] direction with {111} caps and {110} side
faces (Mann 1985; Meldrum et al. 1993). The observa-
tions of TEM images from this study that {111} caps of
hexagonal prisms are often etched, whereas {110} side
faces are almost intact are consistent with the (111) plane
being the most vulnerable to dissolution. Equant octahe-
dral magnetofossils have eight {111} faces that are trun-
cated by apexes with {100} faces (Mann et al. 1984). For
bullet-shaped magnetite, a variety of crystal growth has
been reported, but the development of {110} faces is lim-
ited (Mann et al. 1987; Lefévre et al. 2011; Li et al. 2015,
2020). Thus, hexagonal prismatic magnetofossils have
larger proportions of resistant {110} faces in their sur-
faces compared to equant octahedral and bullet-shaped
magnetofossils. Furthermore, bullet-shaped magnetofos-
sils have smaller axial ratios and have higher surface area
to volume ratios than other morpho-types, which pre-
sumably leads also to the proportionally larger decrease
of bullet-shaped magnetofossils with progressive reduc-
tive dissolution.

The morphology of magnetite produced by magneto-
tactic bacteria (MTB) is considered to be specific to phy-
lum- or class-level lineages (Bazylinski et al. 1994; Kopp
and Kirschvink 2008; Lefevre and Bazylinski 2013), or
may be even species specific (Li et al. 2020). Recent mag-
netic and microbiological studies have suggested that
bullet-shaped magnetofossils are preferentially found in
the oxic—anoxic transition zone (OATZ), which are pro-
duced by MTB of Nitrospirae lineage, whereas hexagonal
prismatic and octahedral magnetofossils are distributed
both above and within the OATZ positions (Yamazaki
et al. 2019; Nakano et al. submitted to Environmental
Microbiology Reports). Thus, magnetofossil morphology
in sediments can be used as a proxy for past OATZ (Usui
et al. 2017; Yamazaki et al. 2020). However, when study-
ing reducing sedimentary environments (Rodelli et al.
2019), care is needed because of possible alteration of the
original magnetofossil morphological compositions in
the dissolution process.
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Conclusions

Biogenic magnetite particles with hexagonal prismatic,
bullet-shaped, and octahedral morpho-types are abun-
dant in the studied sediment core from the Japan Sea.
When they undergo reductive diagenesis, bullet-shaped
magnetofossils dissolve earlier than the other two mor-
pho-types, whereas hexagonal prisms are the most resist-
ant to dissolution. This observation can be explained by
differences in resistance among crystal planes against
reductive dissolution and differences in surface area to
volume ratios. When magnetofossil morphology is used
as a proxy for paleoenvironments, care is needed to
ensure that interpretation is not biased by possible altera-
tion of original magnetofossil morphological composi-
tions during reductive diagenesis.
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