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Magnetotactic bacteria (MTB), which use aligned chains of magnetosomes (magnetic crystals) as a navi-
gation tool, are found in a wide range of modern day marine, river and lacustrine environments and their
fossilized remains are being increasing recognized in geological records. Despite an increasing realization
that biogenically derived magnetic particles may play a key role in sedimentary magnetizations, little is
known about the influence that they may have on the fidelity of paleomagnetic recordings. Using cultured
Magnetospirillum magneticum strain AMB-1, we have conducted simple 2D (i.e., zero-inclination) deposi-
tion experiments to assess the efficiency with which magnetosome chains align along magnetic field lines
and the implications that this has for paleomagnetic records. Our results indicate that the natural rema-
nent magnetization (NRM) acquired by deposited MTB is near linear with applied field (0-120 uT), but
that NRM acquisition does not perfectly follow the assumed linear trend and over a six-fold increase in
applied field only a factor ~5.5 increase in NRM intensity is observed (i.e., ~9% lower than the assumed
trend). Both anhysteretic remanent magnetization (ARM) and saturation isothermal remanent magnetiza-
tion (SIRM) normalized relative paleointensities (RPIs) can successfully recover field strength variations
under identical situations. When the MTB concentration of the initial solution is varied (up to a factor 8),
NRM carried by MTB responds in the expected fashion (i.e., a doubling of bacteria produces a doubling
of NRM intensity). Both ARM and SIRM, however, do not respond to as expected: A doubling of con-
centration corresponds to an increase of ~1.76 in SIRM intensity and an increase of only ~1.63 in ARM
intensity. Both are influenced by magnetostatic interactions that arise from the close packing of bacterial
cells or subchain interactions within a single bacterial cell. First-order reversal curve (FORC) diagrams,
however, are too insensitive to indicate the presence of paleomagnetically relevant magnetic interactions.
Remanence based methods (i.e., the ARM ratio) are more appropriate to detect such interactions.
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1. Introduction 2005; Kopp and Kirschvink, 2008; Roberts et al., 2011, 2012; Lin
et al., 2012). How well MTB can record the paleomagnetic field,
however, has yet to be tested and recent inferences made from ge-
ological records suggest that the mechanism by which MTB may
acquire a magnetization in sediments may violate assumptions
made about sedimentary magnetizations (Roberts et al., 2012;
Yamazaki et al.,, 2013).

The inter-cellular magnetic particles that MTB biomineralize,
known as magnetosomes, typical fall within the single domain
(SD) magnetic grain size range and are spatially arranged in
chains, which make them the optimal size for navigation purposes
(Hanzlik et al., 1996; Muxworthy and Williams, 2006, 2009). Most

Paleo- and rock magnetic records obtained from marine and
lake sediments are a vital tool for high resolution reconstructions
of paleomagnetic field behaviour (e.g., Guyodo and Valet, 1996;
Korte and Constable, 2005) and for paleoclimatic proxies (e.g.,
Larrasoafa et al., 2008). It is therefore important to test the fi-
delity of such magnetic records to provide better constraints on
the paleo-Earth. It is increasingly being recognized that magne-
totactic bacteria (MTB), which are prokaryotes that use biominer-
alized chains of magnetic crystals (magnetite or greigite) to nav-
igate by geomagnetic field lines (Frankel and Blakemore, 1980;

Bazylinski and Frankel, 2004), may play a significant role in the
magnetization of sediments from a wide range of environments
(e.g., Kirschvink, 1982; Petersen et al., 1986; Stolz et al., 1986;
Chang et al., 1987; Tarduno et al., 1998; Egli, 2004; Pan et al.,
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individual magnetosomes are ~35-120 nm in size; however, em-
pirical data supporting the validity of relative paleointensity (RPI)
records from sediments is restricted to grain sizes on the order
of 1-15 pm (King et al., 1983; Tauxe, 1993) and the influence of
the chain structure on RPI estimates remains unquantified. Anhys-
teretic remanent magnetization (ARM), which is widely used to
normalize RPI records, is sensitive to SD grains and should there-
fore be sensitive to magnetosomes. This has led to the suggestion
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that changes in the relative abundance of MTB derived magnetic
particles with respect to detrital magnetic grains may cause large
biases in ARM and hence bias ARM normalized RPI (Roberts et al.,
2012). To-date, however, no laboratory control experiments have
been conducted to test the fidelity of paleomagnetic records car-
ried by MTB.

In this study, we have undertaken simple 2D (i.e., zero-inclina-
tion) deposition experiments using intact MTB cells. These experi-
ments have been used to investigate the first-order characteristics
of how intact MTB record the ambient magnetic field, which in-
cludes the linearity of magnetization with applied field, the effects
of remanence anisotropy, and the behaviour and fidelity of relative
paleointensity estimates.

2. Methods
2.1. Sample preparation

Magnetospirillum magneticum AMB-1 (ATCC strain 700264) were
cultured using a modified ATCC-recommended medium at 26°C
and under aerobic static conditions. Bacterial cells were grown to
the stationary growth phase and were concentrated by centrifu-
gation at 10,000 rpm at 4°C for ~10 min to produce bacterial
solutions with concentrations of 10'°-10'" cells/mL.

2.2. Microscopy observations

Transmission election microscope (TEM) observations were
made using a JEOL JEM-1400 with an accelerating voltage of 80 kV.
Samples were prepared by washing the bacterial solution to re-
move residual salts from the culture medium. The solution was
diluted and 20 pL was deposited onto carbon coated copper grids
and allowed to air dry. The grids were washed two times by dou-
ble distilled sterile water.

2.3. Magnetic measurements

Two milliliters of culture solution concentrated with AMB-1
cells were gently injected into standard paleomagnetic cubes by
pipette. Solution mixing and the fluid motion during injection were
sufficient to mix and randomize the orientation of the cells and
hence the magnetosome chains. The cubes were placed within two
orthogonal Helmholtz coils and allowed to settle and dry in an ap-
plied field over a period of 5-6 days. After drying, the MTB form
thin layers in the base of the cubes. To prevent disturbance during
measurement, the bacteria were glued in place; setting of the glue
took place within the applied field. During the drying and setting
process the samples were covered to prevent dust contamination.

The two Helmholtz coils were separately adjustable and were
oriented such as to cancel the vertical component of the ambient
magnetic field and adjust the horizontal component. The total field
vector was restricted to the horizontal plane to avoid any potential
influence of inclination shallowing. Deposition in 7 field strengths
(Bnrm) was investigated: ~0, 20, 40, 60, 80, 100, and 120 puT. The
zero-field deposition was conducted inside a magnetically shielded
room (measured ambient fields <150-200 nT). Over the course of
the experiments the average field for each experiment was main-
tained to within <0.22 uT of the desired field (typically < 0.1 uT)
and with an average vertical component <1.4% of the horizontal
component (typically <0.5%).

For the non-zero fields, the measurements axes of the samples
were placed in four orientations (0, 30, 60 and 90°) with respect
to the applied field direction to allow the effects of orientation
to be investigated. For each orientation three samples were used;
a total of 75 samples were prepared. Due to weak natural rema-
nent magnetizations (NRMs) from the zero-field experiments, the

magnetizations of the empty paleomagnetic cubes were subtracted
from the NRM measurements; this was not need for the in-field
samples.

The effects of varying the MTB concentration of the initial so-
lution on NRM acquisition and rock magnetic properties of the
dried samples was investigated using diluted MTB solutions. Dilu-
tion was performed by diluting 0.25, 0.5, 1, and 2 mL of the same
MTB solution with double distilled sterile water to produce a final
solution volume of 2 mL. The effects of concentration were inves-
tigated using two Bngy field strengths (40 and 100 uT) and with
2 replicate samples for averaging at each concentration. The ap-
plied laboratory field directions for all concentration samples were
parallel to Bygy. The initial bacterial solutions represent concen-
tration variations, but the final volume of the dried samples could
not be measured. Therefore the final samples are more representa-
tive of variations in the number of bacterial cells (i.e., a proxy for
the amount of magnetizable material) rather than exact variations
in final concentration. For simplicity, however, we describe our re-
sults in terms of the concentration of the initial solution, which
can be viewed as the relative variation in the number of bacterial
cells.

Magnetic remanence measurements were conducted on a 2G
Enterprises 760 SQUID magnetometer housed within a shielded
room. Alternating field (AF) demagnetization was carried out in
11-12 steps up to a peak field of 80-100 mT using the inline static
AF demagnetizer of the magnetometer. Analysis of the NRM di-
rections was performed using principal component analysis (PCA)
following Kirschvink (1980). Following NRM demagnetization, an-
hysteretic remanent magnetization (ARM) was imparted using the
magnetometer’s inline coils with a bias field of 60 uT and a peak
AF of 80 mT. Saturation isothermal remanent magnetization (SIRM)
was imparted using an offline 2G Enterprises pulse magnetizer
with a peak field of 1 T. Both ARM and SIRM were AF demag-
netized using the above described steps. The anisotropy tensor of
ARM and SIRM was determined by measuring magnetizations in
6 positions (+x, £y, and +z). After each magnetization acquisi-
tion the samples were demagnetized to determine a baseline. The
anisotropy tensors were calculated following Tauxe (2010). IRM ac-
quisition and back-field demagnetization was performed on the 2G
pulse magnetizer using 15 steps up to a peak field of 300 mT.

Magnetic hysteresis, IRM acquisition, back-field demagnetiza-
tion and first-order reversal curves (FORCs; Pike et al., 1999;
Roberts et al., 2000) were measured on a Princeton Measure-
ments Corporation vibrating sample magnetometer (model 3900).
The FORCs were measured using 150 individual curves (8B =
0.876 mT). The FORC diagrams were produced using the FORCme
software of Heslop and Roberts (2012), which is based on the pro-
cessing algorithm of Harrison and Feinberg (2008). For samples
that had low signal-to-noise ratios, multiple FORC measurements
were repeated and stacked to improve the quality of the data. All
diagrams are produced using a smoothing factor (SF) of 3. The ef-
fective resolution for all FORC diagrams (AB = §B x (SF 4+ 1/2)) is
therefore AB =3.1 mT (Egli et al., 2010).

All rock and paleomagnetic measurement data are available
for download through the MagIC database (http://earthref.org/
MAGIC/).

3. Results
3.1. TEM observations

Example TEM observations are shown in Fig. 1. Each bacte-
rial cell contains magnetosome chains in a fragmental configu-
ration (Li et al., 2009) with 1-4 subchains per cell with each
subchain consisting of 4-15 magnetite magnetosomes (average
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Fig. 1. TEM observations of (a) a typical AMB-1 bacterial cell and (b) a typical mag-
netosome chain.

of ~7). Subchains within a single cell are separated by an aver-
age distance of ~334 nm. Cell morphology and chain arrangement
were not deformed. The average magnetosome size and shape
factor (width/length), as deduced from 2D TEM observations, are
52.2 +13.5 nm and 0.85 £ 0.16, respectively (quoted errors are
+10, N =118). The magnetosomes are approximately equidimen-
sional crystals of SD magnetite.

3.2. Rock magnetic characteristics

The magnetic properties of our AMB-1 culture are shown in
Fig. 2. This sample was prepared by concentrating the MTB solu-
tion and air drying the concentrate into a ~6 mm gelatin capsule.
The cells were unoriented. This is the standard preparation method
for cultured and extracted uncultured MTB that are widely used
to infer rock magnetic behaviour of MTB (e.g., Li et al., 2009;
Lin and Pan, 2009). The high-field properties are typical of MTB.
The hysteresis loop (Fig. 2a) has a remanence ratio of 0.46 and a
coercivity of 22.5 mT, which indicates SD behaviour. The crossover
of the IRM acquisition and back-field demagnetization occurs at a
normalized intensity of 0.496 (Fig. 2b), which indicates that the SD
particles are non-interacting (Cisowski, 1981). The FORC diagram
(Fig. 2c) further confirms these findings. The diagram exhibits a
broad coercivity distribution with a peak at 33.5 mT and a nar-
row spread on the vertical axis. This is typical of non-interacting
uniaxial SD particles and is characteristic of MTB with intact mag-
netosome chains and AMB-1 (e.g., Li et al., 2009; Egli et al., 2010).

3.3. Fidelity of the NRM

The NRMs of 5 samples (at Bpgym/angle combinations of
20 pT/0° 20 pT/60°, 80 pT/30° 100 pT/0° and 100 pT/90°) were
unstable during demagnetization and failed to yield acceptable
data (e.g., unstable directions), which was likely due to disturbance
during the sample drying period. These samples were excluded
from further analysis.

PCA line fitting was used on the 10-50 mT AF demagnetization
steps for all samples (8 data points). The maximum angular devi-
ation (MAD) values are consistently below 5°, typically <3°, which
indicates highly stable NRM directional demagnetization behaviour.
As would be expected, all inclinations are shallow (—4.1-3.8°). Ex-
cluding the zero-field samples, the recorded declinations lie close
to the expected values (Fig. 3a), with a small amount of scatter
that can be accounted for by measurement errors and imprecision
in sample orientation.

The dependence of NRM on Bygy is shown in Fig. 3b. The NRM
intensities range from 0.16-17.9 pAmZ2. With the exception of the
zero-field results, where the relative scatter is ~37% of the mean
value, the scatter of the NRM intensities for each Bygys is generally
low (<7.6%). This suggests that the initial solution concentration is
reasonably homogeneous for these samples. In Fig. 3b the NRM in-
tensity data are fitted to a linear model, where it assumes that at
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Fig. 2. Rock magnetic properties of the cultured AMB-1 MTB prepared in a gelatin
capsule. (a) Hysteresis loop, (b) IRM acquisition and back-field demagnetization,
and (c) FORC diagram. The FORC diagram was processed with FORCme (Heslop and
Roberts, 2012) using a smoothing factor of 3 (AB =3.1 mT) and is the average of
two FORC diagram measurements.

Bnrv = O zero magnetization is acquired (for our zero-field sam-
ples we measure a finite magnetization due to the cubes and the
limits of equipment sensitivity). The 95% confidence interval for
the fit was determined using a bootstrap approach (Efron, 1979)
with 10% bootstraps. The individual measurements and not the av-
erage values are bootstrapped. As Bngry increases the measured
NRM underestimates the expected linear trend (dashed line in
Fig. 3b; determined by scaling the Bygys = 20 uT results). This ex-
pected relative linear trend is what we would expect if a two-fold
increase in Bygy resulted in a two-fold increase in the NRM in-
tensity. By Bygm = 120 pT (a six-fold increase) the measure NRM
is ~9% less than the expected value from six times scaling of the
20 uT results. For most practical purposes, however, this difference
is small.

3.4. ARM, SIRM, and relative paleointensities

Both ARM and SIRM are independent of the magnitude of Bygy.
The mean ARM and SIRM from the 70 measured samples are 8.6+
0.5 pAm? and 247.9 + 40.5 pAm?, respectively. The relative scat-
ters are low (5.6% and 16.3%, respectively), but indicate that the
SIRM measurements are noisier than the ARM measurements. The
ARM ratio (xarm/SIRM) for these samples is 0.74 + 0.09 mmA~".

3.4.1. Remanence anisotropy

The angular dependence of ARM and SIRM is shown in Figs. 4a
and 4b, respectively. If anisotropy has a significant influence on
the laboratory magnetizations it should be expected that for angles
close to 0° the laboratory remanence is acquired close to parallel
to the magnetosome chain length (a magnetic easy axis), which
should lie close the NRM acquisition field. Conversely, at angles
close to 90°, the laboratory field should be applied close to per-
pendicular to the chain axis and hence close to the magnetic hard
axis. Neither ARM nor SIRM exhibit a systematic trend with lab-
oratory field angle (Fig. 4a and b). The principal axes of the 3D
ARM anisotropy tensors for samples with Bygy > 40 uT is shown
in Fig. 4c and the mean axis directions and bootstrapped confi-
dence intervals (Tauxe et al., 1998) are given in Fig. 4d. In these
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Fig. 3. (a) The measured magnetic declination as a function of the expected value. R is the Pearson linear correlation and p is the significance of the correlation. (b) The
linearity of NRM with applied field (Bngy) fitted using a linear model. The circles represent the averages of the measured data and the error bars are 4+ one standard
deviation. The solid line is the linear model fit, the shaded area is the 95% confidence interval for the fit determined using a bootstrap approach, and the dashed line is
the linear trend predicted by scaling the 20 uT mean result. R? is the coefficient of determination for the linear fit. (c) NRM acquisition with applied field for redeposited
sediments (Johnson et al., 1948; Spassov and Valet, 2012) and MTB (this study). The NRM and Bngm have been normalized by the 40 uT values for ease of comparison.
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Fig. 4. The angular dependence of (a) ARM and (b) SIRM (the zero-field data are
excluded). (c) The orientation of the principal anisotropy axes for ARM from sam-
ples with Bygy = 40 uT. (d) The average ARM principal anisotropy axes and boot-
strapped confidence intervals. The T values are the average eigenvalues of the prin-
cipal anisotropy axes. The green stars in ¢ and d represent the direction of Bygy.
The ratio of the maximum and intermediate eigenvalues for (e) ARM and (f) SIRM.
In a, b, e and f, the circles represent the average values and the error bars are +
one standard deviation. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

figures the data have been rotated such that the x-axis of all sam-
ples has zero declination with respect to the applied field direc-
tion. As would be expected from a shallow deposition environment
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Fig. 5. The linearity of relative paleointensity estimates with applied field (Bngy)
when normalized by (a) ARM and (b) SIRM. The symbols are the same as in Fig. 3b.

and horizontal Bygy, the minimum anisotropy axis is perpendicu-
lar to the deposition plane and the maximum and intermediate
axes lie within the horizontal plane (7; & T > 73). In general, the
maximum principal axis lies along the direction of Bngy, but is
scattered with some intermediate axes lying close to the field di-
rection Fig. 4c. The average degree of anisotropy (71/73) is high
(~1.41 for ARM and ~1.35 for SIRM), which would be expected
given a horizontal Bygy and the potential inclination shallowing
caused by the base of the cubes. The ratio of eigenvalues of the
maximum and intermediate axes (71 and ty, respectively) for the
ARM and SIRM anisotropy tensors are shown in Figs. 4e and 4f,
respectively. This ratio represents the anisotropy in the horizon-
tal plane. For ARM, the average t;/72 is ~1.06, but ranges from
1.01 to 1.16. For, SIRM t1/7 ranges from 1.01 to 1.31 with an av-
erage value of ~1.09, this wider range of values is likely to be
partially related to generally higher scatter associated with SIRM
measurements. In general, 71 &~ 7, and in both cases there is no
significant relation with the strength of Bygy. Anisotropy is suffi-
cient to produce an increased alignment of magnetosomes chains
and thus produce larger NRM intensities for higher field strengths,
and it is large enough for the principal ARM anisotropy axes to
generally lie close to the direction of Bygy; however, anisotropy
appears to be insufficient to greatly influence the normalizers used
for RPI estimates.

3.4.2. Relative paleointensity

ARM and SIRM normalized paleointensities as a function of
Bngryv are shown in Fig. 5. In both cases the data have been fitted
with a linear model as described for the NRM. For both ARM and
SIRM normalized RPI the average values follow a linear trend. The
linear trend of the ARM normalized RPI, however, varies slightly
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Fig. 6. (a) Average AF demagnetization behaviour of normalized NRM, ARM, and
SIRM. (b) Average ARM and SIRM demagnetization plotted against average NRM de-
magnetization. The dashed line represents the desired one-to-one ratio. Numbers
denote the AF demagnetization level in mT. (c) ARM and (d) IRM relative paleoin-
tensities after varying levels of AF demagnetization.

from the expected relative trend. At Bygy = 120 uT the measured
RPI underestimates this expected trend by ~10%. That is to say, for
a six-fold increase in Bygy, ARM normalized RPI only increases by
a factor of ~5.4. The similarity of ARM normalized RPI and NRM
acquisition indicates that ARM RPI is representative of the NRM
behaviour. For the SIRM normalized RPI estimates the data appear
to fall close to the expected trend (i.e., a doubling in field intensity
yields a doubling of magnetization). It should be noted, however,
that the scatter of the data and hence the 95% confidence interval
of the fit is larger for SIRM than for ARM. This higher degree of
scatter of the SIRM measurements (16.3% of the mean value, com-
pared to 5.6% for the ARM) is likely to be partially obscuring the
deviation of the NRM intensity from the expected trend.

3.4.3. Demagnetization behaviour

The average AF demagnetization behaviour of NRM, ARM, and
SIRM are shown in Fig. 6a. The remanence demagnetization be-
haviour of all samples is highly consistent and the normalized
averages shown in this figure are representative of typical demag-
netization behaviour. The behaviour of the three magnetizations
is distinct with NRM being the most magnetically hard, ARM is
softer, and SIRM is the softest. The average median destructive field
(MDF) of the NRM is 31.0 £ 0.8 mT (+10). For ARM and SIRM
the average MDF values are 24.9 + 0.7 mT and 18.5 + 1.4 mT, re-
spectively. When plotted as ARM or SIRM lost against NRM lost,
as in Fig. 6b, the non-linear relationship between NRM and ARM
or SIRM coercivity spectra can be clearly seen. This suggests that
the choice of AF level used to remove any overprints may influ-
ence the RPI determination. This is explored for ARM (Fig. 6c)
and SIRM (Fig. 6d) after 0, 15, and 30 mT AF demagnetization.
In these figures the RPI estimates have been normalized by the
values from the Bygy = 20 uT experiments. Since the ARM coerciv-
ity spectra are most similar to the NRM spectra, the RPI estimates
are least affected by the level of AF demagnetization. At 0 mT AF,
the 120 uT ARM RPI underestimates the expected trend by ~10%,

but this increases to ~16% by 30 mT AF. The effects for SIRM are
more pronounced due to the larger difference in coercivity spectra
(Fig. 6a and b) and by 30 mT AF the 120 uT RPI values underesti-
mate the expected trend by ~19% (Fig. 6d). If a pseudo-Thellier
approach (Tauxe et al., 1995) were to be used to estimate RPI,
the estimate would be highly dependent on the choice of AF de-
magnetization levels used for the best-fit linear segment. As can
be seen in Fig. 6b, however, the difference in coercivity spectra
of the NRM and laboratory magnetizations would produce highly
curved pseudo-Arai plots, which would typically be rejected by this
method.

3.5. The effects of increasing cell concentration in the initial solution

For the Bngy = 40 pT experiments, the average NRM intensi-
ties range from 8.9-48.5 pAm?, ARM from 12.8-34.9 pAm?, and
SIRM from 243.2-915.9 pAm?. For the Bpgy = 100 uT experi-
ments, average NRM values range from 9.3-109.0 pAm?, ARM
from 8.9-39.4 pAm?, and SIRM from 204.0-870.2 pAm?. Due to
differences in the concentration process, the magnetizations of the
samples with 2 mL of bacterial solution from the second culture
of MTB are approximately 8 times higher than those from the first
culture, which indicates a ~8 times higher concentration.

The average remanent magnetizations as a function of initial so-
lution concentration are shown in Fig. 7a-c. In this figure the mag-
netizations have been normalized by the average magnetization
from the 1 mL concentration samples, which allows the relative
scaling of magnetization with concentration to be easily compared
for the two fields. For the investigated field strengths, the NRM is
linearly proportional to the concentration of MTB in the initial so-
lution and the slopes of the best linear fits for both fields (0.992
and 1.097, for Bygy =40 pT and 100 pT, respectively) are close to
the expected trend (a slope of unity). This indicates that the mag-
netic particles in all samples respond in the same manner to Bygy
(i.e., a two-fold increase in the number of bacterial cells produces
a two-fold increase in magnetization).

The intensity of ARM and SIRM appear to increase near lin-
early with solution concentration, but deviate from the expected
trends. For ARM, a two-fold increase in the initial solution con-
centration only corresponds to a ~1.5-1.7 times increase in ARM
intensity. For SIRM, a doubling of the solution concentration yields
a ~1.7-1.8 times increase in SIRM intensity. Although near linear,
the fact the ARM and SIRM trends do not tend towards the origin
(i.e., zero magnetization for zero MTB) indicates that the trends are
non-linear, which is an indication that these data are influenced by
magnetic interactions (e.g., Egli, 2006).

For each Bngy the RPI is expected to be constant. That is to
say, if laboratory magnetizations are suitable proxies for variations
in the number of bacteria, RPI should be independent of the solu-
tion concentration. ARM and SIRM normalized RPIs are shown in
Figs. 7d and 7e, respectively. As before, the values have been nor-
malized by the 1 mL concentration values and all RPIs are expected
to be unity. The 0.25 mL samples for the 100 pT RPI results give
anomalously low values, which is likely due to heterogeneity in the
number of MTB cells in these samples where only two samples are
insufficient for averaging. For both ARM and SIRM normalization
it can be clearly seen that RPI is dependent on the solution con-
centration. The effect is most pronounced for ARM due it being a
poorer proxy at high solution concentrations.

4. Discussion
4.1. The role and manifestation of magnetic interactions

Based on the less than expected increase of ARM and SIRM
intensity with number of bacteria, the indication of a non-linear
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increase of ARM and SIRM with concentration, and the generally
low xarm/SIRM values, it is clear that magnetostatic interactions
are influencing the acquisition of laboratory magnetizations. The
width of a bacterial cell is often considered to be large enough
to prevent three-dimensional interaction fields within an assem-
blage of MTB. Using numerical models of magnetically interact-
ing crystals of magnetite, Muxworthy et al. (2003) demonstrated
that interactions can have significant influence on SIRM at spac-
ing equivalent to ~3 crystal diameters. A chain of magnetosomes
effectively behaves like a single SD particle, for our average magne-
tosome size (~52 nm) and average magnetosomes per chain (~7),
the average chain in our samples approximately corresponds to
an equidimensional grain of ~100 nm. Therefore, the interaction
distance for SIRM is up to ~0.3 pm. Egli (2006), however, demon-
strated that at crystal spacing equivalent to less than ~28 crystal
diameters was sufficient for interactions to have a noticeable effect
on ARM. For our samples, this is equivalent to a distance of ~3 pm.
For our AMB-1 samples, interactions may arise from two sources.
First, interactions may arise between subchains within a single cell,
which are separated by a distance of ~0.3 pm. Second, due to
the non-disperse nature of our samples, inter-cell interactions (i.e.,
magnetosomes from one MTB cell interacting with magnetosomes
from another MTB cell) may also be affecting ARM and SIRM ac-
quisition. Importantly, while ARM and SIRM are likely influenced
by magnetostatic interactions, these experiments indicate that the
NRM acquisition process is completely unaffected by interactions.
Our samples have a higher concentration of MTB than is typical
for natural samples and should be more influenced than by mag-
netic interactions. The fact that the NRM of our samples behaves
extremely well indicates that MTB in nature, that are not subject
to post-depositional effects (e.g., dissolution), are likely to record
the geomagnetic field well.

The increase of interactions is unlikely to be related to the dis-
ruption of the bacterial cells (i.e., the higher concentration samples
have more disrupted cellular structures than the lower concentra-
tion samples). Each sample was prepared from the same culture
and under the same conditions and therefore all samples should

have experienced the same level of cell degradation. However, if
differences in cell integrity were a factor this should manifest as
low ARM ratios (e.g., Kobayashi et al., 2006) or as an increase in
the full width at half maximum (FWHM) on the FORC diagram due
to interactions (Chen et al., 2007; Li et al., 2012). FORC diagrams
from representative samples with 2, 1, and 0.5 mL of bacterial so-
lution are shown in Fig. 8 (the 0.25 mL samples were found to be
too weak to measure). The FORC diagrams across a factor four in-
crease in the number of MTB are near identical, which indicates
that the cellular structure is intact.

ARM acquisition curves as a function of ARM bias field are
shown in Fig. 9a. All of the samples lie approximately half way
between the non-interacting (Kopp et al., 2006a) and interacting
(Cisowski, 1981) extremes, which indicates moderate interactions
for all samples (cf. Kobayashi et al, 2006; Kopp et al, 2006a,
2006b; Li et al., 2012). Although ARM acquisition systematically
decreases with solution concentration for the 0.5, 1, and 2 mL
samples there is considerable overlap between these data and the
0.25 mL samples yield a lower ARM acquisition curve than for the
0.5 and 1 mL samples. If we normalize the ARM acquisition curves
by the volume of the MTB solution, which is a proxy for the rela-
tive number of MTB cells per sample, the expected trend emerges
and the behaviour of the different samples becomes more distinct
(Fig. 9b). The high scatter for the 0.25 mL samples may be due to a
greater heterogeneity in the concentration of MTB for these sam-
ples. The overlap of behaviour seen in Fig. 9a is due to the fact
that SIRM is also influenced by interactions in these samples (e.g.,
Fig. 7¢).

The ARM ratio for the concentration samples is shown in
Fig. 9c. As the concentration of the initial solution increases
from 0.5 to 2 mL the ARM ratio decreases from 1.15 to 0.87 x
1073 mA~! (a ~25% decrease). These values are lower than for
typical MTB (e.g., Moskowitz et al., 1993; Egli, 2004) and are a
strong indication of increasing magnetic interactions within our
samples (Egli, 2006). As noted above, heterogeneity in the concen-
tration of the 0.25 mL solution likely yields the low ARM ratio
measurement.
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The behaviour of the crossover point (Rjgy; Cisowski, 1981) be-
tween IRM acquisition and back-field demagnetization curves for
the concentrations samples is shown in Fig. 9d. Pulse field data
were measured on the 2G magnetometer and static field data on
the VSM. Both measurements exhibit a systematic decrease of Rjgy
with increasing solution concentration, which suggests an increase
of magnetic interaction. For the static field data, the samples with
the lowest concentration were too weak to clearly measure, but
the 0.5 mL samples have an average R value of 0.475, which de-
creases to 0.442 for the 2 mL samples. The difference between
these data and those from the gelatin capsule sample (Fig. 2)
is most likely due to differences in sample preparation, specifi-
cally the drying time. The gelatin capsule sample was dried over
<2 days, compared with the 5-6 days for the paleomagnetic sam-
ples. The more rapid drying time will minimize the shrinkage of
the bacterial cells and maintain a larger inter-cellular chain spac-
ing, which will minimize interactions.

The increase of interactions that we observe with increasing
concentration of the initial solution is due to an increase in the
strength of 3D interactions. As the number of MTB cells in each
sample increases so does the depth of the final layer of dried sam-
ple. This should manifest as an increase of 3D interaction fields,
which are stronger than the more 2D-like fields experienced by
the lower concentration samples.

When compared with the FORC data, the above measured re-
manence data appear to be more sensitive to the interactions that
are influencing the paleomagnetic data, in particular the ARM ra-
tio, and highlight the discrepancy between in-field and remanence
data. For our samples, we have closely packed MTB cells, which
influences remanence data, but minimal cellular breakdown, hence
little manifestation of interactions on the FORC diagrams. When
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Fig. 9. (a) SIRM normalized ARM acquisition as a function of the bias field for the
concentration samples. The black dashed line is the data from a mutant strain of
M. magneticum (Kopp et al., 2006a), which represents the non-interacting case. The
black solid line is the data from the highly interaction chiton tooth standard sample
(Cisowski, 1981). (b) Volume normalized ARM acquisition as a function of the bias
field. (c) Variation of xarm/SIRM with concentration of the initial solution. (d) IRM
and back-field demagnetization cross over point as a function of concentration as
measured with the 2G pulse magnetizer (blue circles) and the VSM (red squares).
In all plots the error bars represent + one standard deviation. The grey shaded
areas in parts a and c are the range of values (mean + one standard deviation)
obtained from the samples that yielded successful RPI estimates (Section 3.4). In
part a, this is from 16 representative samples, in part b, it is from all 70 samples.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

considering natural samples, which may contain small amounts of
multidomain particles and/or other interacting components, the in-
fluence of an interacting MTB component may be difficult to detect
over and above these effects. Our ability to distinguish different
interacting components in a complex system needs to be further
investigated.

Given that the average subchain spacing in the MTB used for
testing the linearity of NRM acquisition and RPI with applied field
(Sections 3.3 and 3.4) will be the same as for the concentration
samples, and that the inter-cellular packing may be similar, the
samples that exhibit well behaved RPI data may also be influenced
by magnetic interactions. The grey shaded area in shown Fig. 9a
represents the range of ARM acquisition values (average =+ one
standard deviation) for 16 representative samples used in Fig. 5.
These samples exhibit a degree of magnetic interactions compara-
ble to the samples that were prepared with higher concentration
solutions, but still yield reliable RPI estimates. For ARM normal-
ized RPI, the 100 T results are 2.4, 2.1, and 2.0 larger than the
40 pT results, for the 0.5, 1, and 2 mL solutions, respectively. This
corresponds to an average of ~2.2 (£9%). For SIRM, the average
increase is by a factor of 2.4 (£1%). The measured RPI increases
from 40 uT to 100 uT shown Fig. 5 are factors of 2.2 and 2.3
for ARM and SIRM normalized RPI, respectively. Although only two
field strengths were used for the samples with varying initial so-
lution concentration, all of these increases compare well with the
expected increase of a factor 2.5, which suggests that as long as
the mean interaction field does not change between samples, RPI
is recoverable, regardless of the presence of magnetic interactions.
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The ARM ratio varies by ~10% between the different concentra-
tion samples, which implies that ARM ratio variations of <10% are
needed to ensure that RPI estimates are unaffected by large varia-
tions magnetostatic interactions.

4.2. Implications for paleomagnetic records

Our SIRM values range from ~2-9 x 10~% Am?, which, if we
assume our samples represent a standard paleomagnetic sample
with a volume of 8 cm?, corresponds to ~25-110 Am~'. Both
Dinares-Turell et al. (2002) and Roberts et al. (2011) report IRM
values on the order of 1-2 Am~! for sediments dominated by MTB.
Our samples are therefore likely to contain one to two orders of
magnitude more MTB than natural samples. The basic alignment
mechanism that these experiments simulate should be represen-
tative of the first-order behaviour of MTB in natural samples and
although our samples are influenced magnetic interactions, which
are likely to be much less for natural samples, natural MTB should
record paleomagnetic signals in a fashion that is at least as good
as what is simulated here (before consideration of other post-
depositional processes, such as dissolution).

A key assumption in extracting relative paleointensity variations
from sediments is that the NRM is linearly proportional to the field
experienced during deposition and locking in of the magnetization.
For the MTB studied here, NRM intensity is linear with deposition
field, but does not exactly follow the expected trend, where a dou-
bling of field strength is expected to result in a doubling of NRM
intensity. Over the range of typical geomagnetic field intensities
this deviation is small, and assuming a constant concentration of
MTB, the maximum deviation of the RPI estimates from the true
values will be no more than ~10-15% and will occur at the ex-
treme highs and lows.

In Fig. 3c the NRM acquisition as function of applied field from
our MTB experiments is compared to the detrital remanent mag-
netization (DRM) re-deposition experiments conducted by Johnson
et al. (1948) and Spassov and Valet (2012). In this figure both the
NRM and applied field strength have been normalized by the re-
spective values at 40 uT for ease of comparison. For the Johnson
et al. (1948) data, the original field strength data were scaled to
the local geomagnetic field strength, which is taken to be 56.8 uT
based on the DGRF for the laboratory location (Washington, DC,
USA) in the mid-1940’s. We have rescaled the data and interpo-
lated the NRM intensity at 40 uT. From this comparison it can
be seen that the deviation of our MTB experiments from the ex-
pected linear trend is comparable or less than the experiments
using detrital material. There are, however, a number of significant
differences between these three experiments in terms of the mech-
anisms being investigated. The Johnson et al. (1948) and Spassov
and Valet (2012) experiments involved re-deposition of bulk sed-
iment samples that simulated flocculation processes in a deposi-
tional environment. Due to low sedimentation rates, flocculation
processes are unlikely to be significant in deep ocean sediments
(e.g., Shcherbakov and Sycheva, 2010), where magnetofossils are
commonly reported. Under such conditions, MTB will experience
magnetic torques and alignment within sediment pore spaces and
are likely to acquire magnetization in a fashion similar to post-
deposition remanent magnetization (PDRM). Therefore, our results
will be more representative post-depositional alignment experi-
ence by intact MTB cells and, to first order, should be akin to MTB
alignment experienced in many natural environments.

MTB are found in broad range of depositional environments
(e.g., Roberts et al., 2012; Bazylinski et al., 2013; Lin et al., 2013)
and paleomagnetic records from these regions are likely to be a
superimposition of PDRM alignment of MTB cells and processes in-
fluencing the remanence carried by the detrital component, which
itself is likely to be a combination of DRM and PDRM mechanisms.

The effect on such paleomagnetic records depends on the relative
magnetization contributions of detrital and biogenically derived
components. Given the linearity of the NRM with applied field
from MTB, it seems more likely that any problems arising with
mixing of biogenic and detrital magnetic particles may arise from
the laboratory normalizations used and not in relation to how MTB
acquire an NRM. One such potential source of discrepancy may
arise from undetected magnetostatic interactions between bacte-
rial and detrital magnetic components. Systematic study of these
mixed environments is an important next step to fully understand-
ing the influence that MTB and biogenically derived magnetic min-
erals have on paleomagnetic records.

One of the most important assumptions in relative paleoin-
tensity studies is that the chosen normalizer adequately accounts
for variations in the concentration/amount of magnetic particles
(Tauxe, 1993). Although our samples were not dispersed, they
highlight the possibility of magnetic interactions that may influ-
ence paleomagnetic data, but that may go unrecognized in FORC
diagrams. Remanence based proxies for magnetic interactions, such
as the ARM ratio, are more useful tools for identifying the presence
of paleomagnetically relevant magnetic interactions. The role and
manifestation of magnetic interactions in sediments dominated by
MTB needs to be further investigated, particularly in situations
where MTB are mixed with detrital magnetic components.

This study has explored the first-order characteristics of mag-
netizations carried by MTB in a series of simplified depositional
experiments. Many other factors, however, need to be investigated
before we have a more complete picture of how MTB, and bio-
genically derived magnetic particles in general, influence paleo-
magnetic records. We have studied only a single cultured bacterial
species, M. magneticum AMB-1. AMB-1 forms fragmental chains
of magnetosomes, which are uncommon in wild MTB and these
fragmental chains may enhance detrimental magnetic interactions
(through subchain interactions). As discussed above, despite the
presence of interactions, the paleomagnetic recordings are well be-
haved and natural MTB should record the field at least as good
as AMB-1. In addition, in natural settings MTB are diverse and
multiple species are frequently found coexisting in the same en-
vironment (e.g., Isambert et al., 2007; Moskowitz et al., 2008;
Lin and Pan, 2009; Lin et al., 2013; Wang et al.,, 2013). Different
MTB species have different magnetosome sizes and morphologies,
compositions (magnetite and/or greigite), different chain structures
(in terms of single versus multiple chains as well as magnetosome
spacing), and widely differing numbers of magnetosomes per bac-
terial cell. All of these variations will manifest as differences in
magnetic properties in terms of efficiency of alignment with the
ambient magnetic field, demagnetization behaviour of NRM, ARM,
and SIRM, as well as potential interaction fields, which we infer
to be a limiting factor in ARM acquisition for our samples. Studies
looking at a broad range of MTB species and developing an under-
standing of how MTB communities record the paleomagnetic field
are therefore needed to develop a more general picture of how
MTB manifest in paleomagnetic data.

5. Conclusions

The widespread abundance of magnetofossils in the geological
record means that magnetic particles derived from MTB are signif-
icant contributors to paleomagnetic records. Although much work
remains to be done, through simple deposition experiments, we
have investigated the first-order characteristics of the fidelity and
properties of paleomagnetic signals recorded by MTB.

The NRM recorded by our samples behaved extremely well and
in a fashion that fits with expectations. Paleomagnetic directions
are well constrained and lie close to the expected directions, which
has been inferred from geological records dominated by MTB (e.g.,
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Florindo and Roberts, 2005). The NRM acquired by MTB is near
linear with applied field, such that over the range of typical geo-
magnetic field strengths (up to ~120 uT) the maximum deviations
from the expected linear trend is no more than ~10%. For sam-
ples with similar numbers of bacterial cells, relative paleointensity
estimates can be successfully recovered within the limits of the
linearity of the NRM.

For our samples with variable amounts of bacterial cells, the
effects of magnetic interactions on the paleomagnetic data are
clearly observable. Although the NRM intensity increases with in-
creasing MTB cells in the expected proportion, which is an indi-
cation that it is unaffected by interactions, both ARM and SIRM
do not increase as expected. The relative increase of ARM with
the number of MTB cells is less than for SIRM, which should be
expected given that ARM is more sensitive to magnetic interac-
tions. The widely held view that the bacterial cell shield magneto-
some chains from inter-cellular magnetic interactions is likely not
valid from the perspective of ARM and paleomagnetic analysis in
our experiments where the MTB cell concentrations are high. The
manifestation of interacting magnetosome chains may not be well
represented by FORC diagrams and interaction estimates based on
remanence behaviour may be more appropriate in paleomagnetic
studies. As a result, magnetic interactions affecting paleomagnetic
data may be more prevalent than realized and these effects need
to be further investigated.
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