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MAGNETOFOSSILS', the fossil remains of bacterial magneto-
somes’, are found in various deep-sea sediments, and have been
linked to the preservation of stable natural remanent magnetiz-
ation in many of them'>>. They have also been extracted and
identified from lithified carbonates of Jurassic® and Precambrian®
age, showing that magnetotactic bacteria have been a sedimentary
source of fine-grained magnetite for much of geological time.
Some clay-rich deep-sea sediments, however, do not record a stable
remanent magnetization, for unknown reasons. Here we report
results from a high-resolution transmission-electron-microscope
study on samples of this type collected by the Deep Sea Drilling
Project (DSDP); the material contains a complex mixture of
single-domain magnetic minerals. Well-preserved magnetofossils
show the same crystal structures as those found in magnetosomes
from recent bacteria’~'’, whereas others in these same preparations
display a wide range of dissolution, corrosion and aggregation
effects. Rock magnetic measurements are consistent with the pres-
ence of these alterations in many DSDP sediments, including those
that preserve reliable palaecomagnetic directions. As we were unable
to find authigenic magnetic minerals in our sample, and as the
magnetic fraction is dominated by well preserved magnetofossils,
we suggest that the poor preservation of the magnetization is a
result of diagenetic interactions between the magnetofossils and
the clay minerals in the matrix.

Sediment cores collected on DSDP Leg 73 yielded some of
the best magnetostratigraphic records yet obtained'', and many
of the sediment sam?les from these cores have yielded abundant
magnetofossils"**'*, However, the Miocene interval from 25 to
50 m depth at site 522, which is clay-rich, gave magnetostrati-
graphic results that were difficult to reconcile with the geomag-
netic polarity timescale''. This section of core is therefore pro-
mising for identifying processes that can alter or mask the
original natural remanent magnetization (NRM) of sediments.
We selected samples for high-resolution transmission electron
microscopy (HRTEM) from cores 522-12 and 522-15 within this
interval. For comparison, we also obtained freeze-dried samples
of the magnetotactic bacterium Aquaspirillium magnetotacticum,
and synthetic magnetite formed from the inversion of green rust
(K. Kuma et al, manuscript in preparation), the mechanism
thought to be responsible for the production of authigenic
magnetite in soils'***,

We used the technique of von Dobeneck et al>'® to extract
the sub-micrometre grain-size fraction. The magnetic extracts
were examined on a Philips 430 300-keV microscope with an
analytical pole piece, a 2-A line resolution, a double-tilt side-
entry specimen holder, and an energy-dispersive X-ray analysis
system. Images were made using objective aperatures of 100 pm,
under-focused 60-240 A into the particles. Electron micro-
diffraction and selected-area diffraction were used to make
accurate measurements of lattice spacings and crystallographic
orientation. In addition to X-ray diffraction analysis, precise
determinations along the magnetite/maghemite solid-solution
series were made, by reference to an internal gold diffraction
pattern from a thin film deposited on the sample’, and confirmed
that the magnetic particles consisted of the mineral maghemite
(cubic; cell constant a, = 8.3440+0.014 A), which is a common
low-temperature, topotactic oxidation product of magnetite.
Classification of the particles as single-domain or superparamag-

netic is based on measured sizes and shapes according to the
analysis of Butler and Banerjee'’.

Several distinct types of single-domain particle are present,
some of which are found in small chains or clumps of similar
particle types (Fig. 1). A new type of single-domain particle is
shown on the left-hand side of the stereo pair in Fig. 1a and b
(arrow 1; enlarged in Fig. 2d), which occurs as a tangled,
interlocking mesh. The overall dimensions of these particles,
measured by the extent of coherent lattice fringes (Fig. 2d),
place them within the single-domain stability field"’. Energy-
dispersive X-ray analysis reveals the presence of ~1-2%
titanium. The right-hand side of Fig. 1a and ¢ (arrow 2 in both
cases) shows well preserved crystals of shape and size similar
to those produced by a variety of magnetotactic bacteria®®'®
(therefore termed magnetofossils). The corresponding images
in Fig. 2a, b and ¢ show that the crystals are perfect except for
weak irregularities along the outlines. Several progressive stages
of alteration within magnetofossil chains can be seen in Fig. 1¢
and the enlargement in Fig. 1d. Long chains of magnetofossils
with superparamagnetic particles on their surface are present
in the sample (crystals on the right in Fig. 1¢ and d), as well
as bead-like chains of apparently superparamagnetic-sized par-
ticle aggregations. However, the image of Fig. 2e reveals that
these are not aggregations of smaller particles, but are in fact
chains of single crystals, each of which contain parallel sets of
lattice fringes. Energy-dispersive X-ray analysis on all of these
particles, as well as the magnetofossils, does not reveal titanium.

Electron-microscope examination of the magnetic fine frac-
tion from this deep-sea sediment therefore reveals three dis-
tinctly different morphological types of single-domain particle.
The first and easiest to distinguish are the magnetofossils shown
in Fig. 2a-c. Our observation that these particles have crystal
structures similar to those of recent magnetosomes in living
bacteria®’~'® suggests such an origin, The oxidation of the
original magnetite to the solid-solution endmember, maghemite,
does not introduce visible crystal defects. Electron microscopy,
however, does reveal slight preferential alteration along the
[100] directions, which is not apparent from the lower-
magnification images of Fig. 1a and b.

The second particle type includes the tangled, interlocking
crystals which lack regular habit and contain 1-2% Ti. These
cannot be derived from the larger fragments of titanomaghemites
in this sample, which have much higher Ti concentrations®, nor
from the magnetofossils, which lack Ti. Although these particles
show some similarity to the bullet-shaped magnetofossils (arrow
2 on Fig. 1¢), a comparison of microscope images shows
that they are quite distinct. We have found occasional single-
domain titanomagnetites (or titanomaghemite) embedded in
small siliceous particles; they resemble other single-domain
titanomagnetites in basalts'® and feldspar inclusions'®, but
are morphologically distinct from the tangled, interlocking par-
ticles. These particles are also distinctly different from authi-
genic magnetite found in soils'*'* or synthetic magnetites
formed under controlled conditions™. As trace levels of Ti are
commonly found in magnetites from a variety of igneous
rocks'®, a lithogenic source is the most likely origin for these
particles.

The third class of particles includes those which have, in low
magnification, the appearance of an aggregation of smaller
particles. One possible mechanism for producing these particles
is abiotic authigenesis'®; few studies of authigenic magnetic
mineral formation have, however, been made on marine sedi-
ments. Karlin et al”' report the apparent authigenic formation
of magnetite in the upper 30 cm of suboxic marine sediments
based on rock magnetic changes, but do not report TEM
morphological observations. Other reports of authigenic mag-
netite in sediments reveal spherical aggregates of up to 20 um
in size?>**, which are totally unlike the particles in our sample.
Single-domain magnetite particles similar in size to mag-
netofossils have been found in soil environments'>', where
they are presumably formed. by the topotactic oxidation of the




ferrous material green rust (refs 14, 18 and K. Kuma et al.,
manuscript in preparation). For comparison, we therefore
observed in the microscope magnetite formed by oxidation of
synthetic green rust. We found that this material has a range of
particle sizes and morphologies that is very different to that
expected for magnetosomes. Crystal sizes range from 50 to
1,500 A, with the larger crystals often showing overlap textures
and irregular outlines. Many crystals are thin and plate-like,
with offset fringes indicating crystal defects (Fig. 2f). We have
never seen such structures in our DSDP samples.

A second possible mechanism is the extracellular precipitation
of magnetite particles produced by growth of an anaerobic
bacterium such as GS-15 (ref. 24). However, GS-15 particles
are generally much smaller than the magnetic particles in our
samples, and have highly variable crystal morphologies. Further-
more, magnetite formed in the presence of these organisms has
been observed only in laboratory cultures, and it is not known
whether it appears also under natural conditions.

A third possibility is that these altered grains are corroded
magnetofossils. We favour this interpretation for several reasons.
First, when viewed in the microscope we found that the lattice
fringe patterns usually extend across the entire particle, implying
that it was originally a single crystal. The relict outlines as traced
by the fringe patterns are similar to those of unaltered mag-
netofossils. Surface irregularities produced by alteration are
probably responsible for the aggregate-like texture. Second,
these particles are usually strung together in chains of up to
several dozen particles, as are magnetofossils®®. Third, we have
found progressive alteration stages within a single chain which
range from euhedral magnetofossils through to strongly
damaged crystals that resemble the aggregate morphology; an
example is shown in Fig. 1d. The presence of both pristine and
altered magnetofossils in the same sample, sometimes within
the same magnetofossil chain, probably arises through a
differential dissolution process.

This dissolution process may have an interesting mechanism.
Magnetotactic bacteria are known to produce iron-chelating
compounds called siderophores® which are capable of dissolv-
ing even the most stable iron oxide minerals. We have observed
partially dissolved magnetosomes in surface muds of freshwater
lakes that contain dense populations of magnetotactic bac-
teria®'2, long before they have oxidized to maghemite. Virtually

FIG. 1 a b Low-magnification stereo images of
typical sub-micrometre sized magnetic particles
extracted from sample 522-15, with 25° tilt
difference. These show several morphological
shapes characteristic of single-domain bacterial
magnetite, including equant octahedra, elongate
prisms and ‘bullets’. Notice that the slight change
in tilt of the specimen can yield a large difference
in the projected shape of some particles, par-
ticularly the changes from diamond to hexagonal
outlines which are produced by different stereo-
graphic projections of an octahedron. When viewed
in stereo, the particles on the left form an inter-
locking, tangled mesh. ¢, Particles displaying a wide
range of dissolution effects, ranging from clearly
recognizable magnetofossils to strings of highly
corroded particles. Scale bar in ¢ is for a b and
¢, and corresponds to 0.1 pm. Arrows indicate
areas enlarged in Fig. 2. Higher magnification of a
section of ¢. The four magnetofossils in the bottom
right display dissolution increasing towards the
centre of the figure. The two small arrows on the
right-hand magnetofossil show octahedral ver-
tices (viewed edge-on the [100] direction) along
which dissolution or corrosion begins; the small
arrow on the central particle shows that [100]
alteration progresses into the interior of the par-
ticle, yielding textures similar to those of the
apparent aggregates.

all of this dissolution happens in this top zone; we do not see
increasing dissolution with greater depth. Marine magnetotactic
bacteria probably possess similar siderophore systems. Hence,
variable alteration textures of this sort found in our DSDP
samples probably arise from initial biochemical variations
within the bacterial magnetosomes which protect some particles
more than others from attack by siderophores. In this model,
dissolution probably happens before particles are immobilized
during compaction; that is, before the sediment would normally
acquire a stable natural remanent magnetization.

Although extensive dissolution effects are present in only a
small fraction of the magnetofossils in our DSDP samples, they
ought to be present in other samples as well. Measurements of
coercivity distributions (Fig. 3) indicate that our sample contains
a coercivity range typical of other magnetofossil-rich DSDP-522
sediments that preserve stable natural remanant magnetization
directions''. All of these sedimentary coercivity spectra have
broader distributions than those of magnetosomes in recent
magnetotactic bacteria, as would be expected on the basis of
corrosion and particle clumping. Furthermore, the low-
temperature oxidation of magnetite to maghemite should not
alter the relative direction of a crystal’s magnetic moment,
because these minerals are solid-solution endmembers and the
particles are of single-domain size. This is consistent with the
observation that maghemite magnetofossils preserve the stable
natural remanant magnetization elsewhere in DSDP core 522
(refs 3, 5). We therefore conclude that the poor preservation of
the natural remanant magnetization in our DSDP samples is -
not a problem with the magnetic minerals.

Compared with other parts of the core, the Miocene interval
from DSDP site 522 has an anomalously high clay content (over
50% ). We suggest that post-depositional interactions between
the sedimentary clay matrix and the single-domain magnetites
may be responsible for the poor palaeomagnetic results from
this portion of the core. The ultrastructure of clay-rich sediments
depends strongly on the electrolyte composition in the surround-
ing pore waters”®. Structural rearrangement of the clays during
diagenesis, for whatever cause, could physically disorientate
adsorbed magnetic crystals of similar size. This model predicts
that clay-rich sediments that possess magnetic particles much
larger than magnetofossils should be better for palacomagnetic
study. k]







