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Abstract

Understanding the magnetic properties of magnetite crystals (Fe3O4) produced by magnetotactic bacteria (MTBs) is of

fundamental interest in fields of geosciences, biomineralization, fine particle magnetism, and planetary sciences. The database

of bulk magnetic measurements on MTBs is, however, still too sparse to allow for generalizations due to difficulties in obtaining

bacteria cells in sufficient quantities from natural environments, and the fact that only a few cultivable strains are available. Here

we report the first series of magnetic measurements on two air-dried samples containing solely MTBs (wild-type cocci and

Magnetobacterium bavaricum), which were directly isolated from carbonaceous lake sediments. Systematic rock magnetic

studies show that: 1) the magnetosomes in cells are dominated by single-domain (SD) magnetite; 2) the samples have delta

ratios dFC /dZFC higher than 2; 3) the measured low-temperature remanence cycling curves as well as the first-order-reversal-

curve (FORC) diagrams are significantly different to those measured on synthetic SD-magnetite samples; and 4) the Verwey

transition temperature (Tv, ~100 K) of MTB cells is distinctly lower than that from stoichiometric magnetite (Tv, 120–125 K).

Our results provide new insights on the magnetic properties of bacterial magnetite and advance the use of magnetic proxies for

decoding the paleomagnetic signals of sediments containing bacterial magnetite.
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1. Introduction

Magnetotactic bacteria (MTBs) are a diverse group

of motile, aquatic bacteria including coccoid, rod-

shaped, vibrioid, spririlla and multicellular forms

that orient and migrate along the geomagnetic field.

Hallmarks of the MTBs are intracellular magneto-

somes, which are commonly magnetite (Fe3O4), and

occasionally greigite (Fe3S4) crystals enveloped in a

membrane structure. Magnetosomes are characterised

by narrow grain-size distributions (30–120 nm), dis-

tinct species-specific crystal morphology, chemical

purity, and arrangement in single or multiple linear

chains (e.g. [1]). The magnetic properties of magneto-

somes are of great interest for a number of reasons: (1)

fossil magnetosomes can significantly contribute to

the magnetic properties of sediments and soils in

environments ranging from anoxic to oxic (e.g. [2–

6]); (2) these nano-particles are novel sources for

fundamental studies in fine-grain magnetism, magnet-

ic materials and medical applications [7,8]; (3) the

biological mechanisms underlying the magnetosome

formation provide unique opportunities to uncover

biomineralization in organisms [9,10]; and (4) fossil

magnetosome chains have been proposed as suitable

biomarkers for the presence of life on Earth and other

planets (e.g., [11]).

In previous rock-magnetic studies on freeze-dried

cells and isolated magnetosome chains of cultured

Magnetospirillum magnetotacticum (formerly Aqua-

spirillum magnetotacticum), Moskowitz et al. [12,13]

found strong chain–chain magnetic interactions after

removal of the cellular body and reported that the

dispersed whole cells exhibit different magnetic prop-

erties from those of synthetic, dispersed magnetite

particles of comparable grain size. In these studies,

the authors found that the different ratio of remanence

loss at the Verwey transition temperature (Tv) between

low temperature zero-field cooling (dZFC) and field

cooling (dFC) of the SIRM (saturation isothermal

remanent magnetization) can be used as a useful

parameter for the detection of magnetosome chains,

e.g., delta ratio dFC /dZFCN2 [13]. However, Carter-

Stiglitz et al. [14] pointed out that this delta ratio is

highly sensitive to the degree of oxidation of the

particles, showing that there still exist ambiguities in

the interpretation of the delta ratio. Moreover, the

database of bulk magnetic measurements on MTBs
is still too sparse to allow for generalizations, due to

the fact that it is difficult to concentrate natural cells

and so far only a few cultivable strains are available.

Furthermore, although magnetic techniques have been

proposed for rapidly diagnosing the presence of bac-

terial magnetite in bulk sediments, they have not been

up to date validated on uncultured MTBs.

Here we report room- and low-temperature mag-

netic measurements on samples of air-dried, uncul-

tured MTBs aiming to (1) characterize the magnetic

properties of uncultured MTBs; and (2) validate the

previously proposed rock-magnetic criteria for the

identification of biogenic magnetite in bulk samples.
2. Sample preparation and magnetic

measurements

2.1. MTB collection procedures

The MTB samples used in this study were collected

from carbonaceous sediments of the Alpine foreland

Lake Chiemsee (47852V N, 12829V E) in southeast

Germany. Surface sediments from approximately 20

m water depth were scraped at the northern area of this

lake in later October 2003 and stored in three 120 cm3

glass aquariums at ambient temperature. Light micro-

scopical examinations showed that the sediments host

abundant MTBs, predominantly wild-type cocci and

rod-shaped cells that are interpreted as Magnetobac-

terium bavaricum [15], and, to a lesser extent, a wild-

type magnetotactic vibrio. Previous transmission

electron microscopy (TEM) observations [16] revealed

that the rod-shaped cell of M. bavaricum (Fig. 1a)

could contain up to 1000 Fe3O4 magnetosomes ar-

ranged in 3–5 bundles of chains. The magnetosomes

are bullet shaped, usually 100 nm long and 40 nm

wide. On the other hand, the cocci (Fig. 1b) contain

truncated hexahedral prisms of Fe3O4 magnetosomes

with an average size of 110�70 nm, usually are

arranged in two chains per cell. For our study, living

cells were directly concentrated from the stored sedi-

ments using a Bacteriodrome in the Munich laboratory

(a Leitz Laborlux D light microscope surrounded by

two set of square coils orientated perpendicular to each

other in the horizontal plane) following a standard

procedure: first, a drop of fresh sediment was placed

on a clean cover slide, and a drop of distilled water was



Fig. 1. Transmission electron microscopic micrographs of MTBs and their magnetosome crystal morphology, (a) Magnetobacterium bavaricum

and (b) wild-type cocci, and micrographs showing the bacteria accumulation process (c–d) using a Bacteriodrome. Note that the applied field

direction is from left to right, bacteria were concentrated at the right edge of the water droplet. The MTBs in (d) were accumulated by repeating

the enrichment procedure many times.
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added next to the sediment. A controlled weak mag-

netic field (0.1–0.4 mT) was applied so that the north-

seeking bacteria would swim out of the sediment and

into the water drop, eventually collecting at the water-

front (Fig. 1c, d). The enrichment was carried out from

January to early March 2004 until the concentration of

cells sufficed for their magnetic characterization. Cells

were air-dried at ambient temperature and stored in

closure after each enrichment procedure to prevent

environmental contamination. We successfully con-

centrated two pure MTB samples, named P2 and P3

(the preparation of the latter started in February), con-

taining millions of cells in a very small area, ~4�8

mm2, suitable for magnetic measurements. The third

sample (P1) was discarded due to sediment contami-

nation during the preparation process. Observations in

the light microscope showed that coccoid cells (Fig.

1c) were more abundant thanM. bavaricum in samples

P2 and P3. Room- and low-temperature magnetic

measurements were carried out on both samples in

March 2004.
2.2. Room-temperature remanent magnetizations,

hysteresis and FORC diagram

We carried out room temperature measurements

including the acquisition and demagnetization of the

SIRM and anhysteretic remanent magnetization

(ARM), hysteresis loops and the first-order reversal

curve (FORC) analyses.

Stepwise SIRM acquisition and its demagnetiza-

tion were performed in two approaches: (1) static field

acquisition and back-field demagnetization on a Prin-

ceton Measurements Alternating Gradient Magnetom-

eter AGM (Model MicroMag 2900); and (2) a pulse

field IRM acquisition and alternating field (AF) de-

magnetization on a 2G Enterprises cryogenic magne-

tometer. The back-field demagnetization curve was

transformed as (1+IRM(�H) /SIRM) /2 to simplify

comparison with the AF result.

ARM acquisition was obtained by a combination

of a small steady bias field and a decaying AF field in

two ways: (1) a weak steady DC field (0.05 mT)
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combined with an increasing AF field (from 5 to 120

mT); and (2) a constant AF peak field of 100 mT with

an increasing DC field (from 0.01 to 0.1 mT). Both

were followed by stepwise AF demagnetization.

Hysteresis loops were measured using an Alternat-

ing Gradient Magnetometer (AGM, Model MicroMag

2900). To examine the domain state, we measured the

saturation magnetization initial curves Msi(B) before

measuring the major hysteresis loop in a procedure

proposed by [17]. First, apply field to maximum and

then set it to zero to prepare the sample in the state of

saturation remanence Mrs. In order to avoid over-

shooting to negative fields, fields to zero are set in 2

or 3 steps. Next, we measured initial curve plus

hysteresis loop starting from this state. Hysteresis

loops in different orientations were also measured

for the anisotropy test.

The FORC method allows us to quantify the coer-

civity distribution and assess the role of magnetostatic

interactions. Following [18], each FORC was mea-

sured by saturating the sample, decreasing the field to

a value of Ha, and reversing the field sweep to the

saturated state in a series of steps (Hb). This process

was repeated for many values of Ha. The magnetiza-

tion M(Ha,Hb) was measured at each step and the

mixed second derivative was taken to obtain the

FORC distribution.

2.3. The delta ratio test

The delta ratio test [13] is based on two facts: (1)

that the monoclinic phase of magnetite at low tem-

perature has a larger magneto-crystalline anisotropy
Table 1

Comparison of the magnetic parameters (room-temperature experiments)

magnetite particles

Samples Ms

(Am2)

Bc

(mT)

Bcr

(mT)

Mr

M-1a Freeze-dried – 26.7 27.6 0.5

M-2a Extracted – 3.7 16.6 0.4

MV1b Wet cells – – – 0.4

MS1b Freeze-dried – – – 0.4

P2c Air-dried 6.7�10�8 26.7 40 0.4

P3c Air-dried 2.8�10�8 33.4 45.5 0.5

Synthetic

particlesd
Cubic – 21.3 30–40 0.2

Acicular – 38.4 50–60 0.4

aMoskowitz et al. [12]; bMoskowitz et al. [13]; cThis study; dDunlop [2
than the cubic phase and (2) that magnetosome

chains have a pronounced shape anisotropy that

favours the magnetization along the chain axis. As

a result of (1), the magnetization of an individual

magnetosome will take one of the monoclinic c-axes

at T bTv; as a consequence of (2), the c-axes nearest

to the chain axis will be preferentially occupied. A

strong magnetic field applied during cooling between

300 and 5 K, however, will outweigh the anisotropy

due to the chain arrangement, such that those c-axes

nearest to the field axis will be preferentially occu-

pied. When the field is switched off at T bTv after

the strong in field cooling (FC), the magnetization

will be blocked in a metastable thermoremanence

state, which is energetically less favourable than

the remanence state induced in the zero field cooling

(ZFC). After warming through the Tv the magneto-

crystalline anisotropy tensor undergoes a symmetry

change and the thermoremanence can be unblocked.

Therefore, the presence of chains of magnetosomes

in the samples will be revealed by the different

thermal dependence of the magnetic remanences ac-

quired after ZFC and FC.

The thermal dependence of SIRM between 5 and

300 K was measured using the Quantum Design

Magnetic Property Measurement System (MPMS-

7XL), a low-temperature superconducting quantum

interference device (SQUID) magnetometer. The

sensitivity of the magnetometer is 2� l0�11 Am2

and the residual field of the instrument is less

than 0.2 mT. The SIRM given at 5 K in a strong

field of 5 T (SIRM5K) was measured in zero field at

intervals of 2–5 K during the warming process,
of the uncultured MTBs, cultured MTBs and synthetic fine-grained

s /Ms Bcr /Bc Raf IRM

(ARM)

MDF (mT)

IRM (ARM)

ARM/SIRM

3 1.02 0.62 32 0.11

1 4.49 0.21 9 0.005

9 1.1 – – –

4 1.1 – – –

7 1.50 0.41(0.47) 43(49) 0.03

1 1.36 0.39(0.44) 45(51) 0.02

8 1–2 – 28 –

1–2 – 43 –

9]: cubic magnetite, 42 nm and acicular magnetite, 30�200 nm2.
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after samples were cooled from 300 to 5 K through

the Verwey transition either in ZFC or in a FC of 5

T. The results of the measurements on samples P2

and P3 were corrected with the signal from the

sample holder, and the delta ratio dFC /dZFC was

calculated after the definition of d [13], i.e., d =
(M80K�M150K) /M80K, where M80K and M150K is

the remanent magnetization measured at 80 and

150 K, respectively.

2.4. Low-temperature cycling of SIRM

The cooling–warming cycling of SIRM was mea-

sured with the Quantum Design MPMS-7XL. The

SIRM was given in a field of 5 T at 300 K

(SIRM300K), then in zero field cooled to 5 K and

warmed back to 300 K. The remanence was continu-

ously measured at intervals of 2–5 K during the cycling.
Table 2

Comparison of the low-temperature demagnetization of saturation remanen

the uncultured MTBs, extracellular magnetite and synthetic magnetic part

Samples Tv

(K)

LTD-

(%)

Whole cells

MV1a Wet 110 34

Freeze-dried 101 36

MV2a Wet 110 34

MS1a Freeze-dried 101 35

AMB-1b Freeze-dried 102 40

P2c Air-dried 100 36

P3c Air-dried 100 37

Mean 103.4 36.0

FSD 4.5 2.1

Isolated magnetosomesa 46

–

–

Extracellular magnetite

GS-15d 668 h –

34 d

Synthetic particles

Magnetitea 37 nm 120 68

100 nm 120 80

210 nm 120 90

1000 nm 120 93

Maghemitea – – 15

Greigitea – – 19

aMoskowitz et al. [13]; bWeiss et al. [23]; cThis study; dVali et al. [32]. LTD

zero-field cooled. Tv(K) is determined by the maximum of the dM / dT at
3. Results

Both P2 and P3 samples show nearly identical

magnetic properties. Results are summarized in Tables

1 and 2.

3.1. IRM and ARM analyses

IRMs are saturated at a field of 100 mT, but as seen

in Fig. 2a for sample P2, the pulse field curve shifts to

higher fields compared to the DC field. A possible

explanation for this phenomenon is related to the

characteristic time response of the magnetite particles

to the different magnetic treatments [13]. Because

there is less time for the magnetosomes to respond

to a pulse treatment, higher fields are required to

achieve the same magnetization state obtained with

the static field. A similar pattern is noted in the
ce of the whole cells, isolated magnetosomes of the cultured MTBs,

icles

FC LTD-ZFC

(%)

dZFC dFC dFC /dZFC

15 0.06 0.24 4.0

– 0.04 0.19 4.8

0.10 0.24 2.4

15 0.06 0.16 2.7

16 0.04 0.23 5.6

19 0.06 0.14 2.3

19 0.03 0.11 3.7

16.8 0.06 0.19 3.7

2.0 0.02 0.05 1.3

– 0.18 0.19 1.1

– 0.21 0.22 1.0

– 0.26 0.26 1.0

– 0.09 0.15 1.6

0.09 0.1 1.1

– 0.38 0.48 1.3

– 0.52 0.67 1.3

– 0.82 0.86 1.0

– 0.88 0.90 1.0

– 0.02 0.03 1.1

– 0.05 0.05 0.9

_FC(ZFC) %=(M20K�M300K) /M20K�100. FC, field cooled; ZFC,

the FC curves.
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Fig. 2. Room-temperature magnetic measurements of sample P2. (a)

Saturation remanent magnetization (SIRM) acquisitions by static

and pulse fields, and demagnetization by AF and static approaches.

(b) Anhysteretic remanent magnetization (ARM) acquisition in an

increasing peak alternating field (filled triangles), AF demagnetiza-

tion (open triangles) and the corresponding coercivity spectrum

(line).
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demagnetization curves. The median destructive fields

(MDF), where the initial remanence is demagnetized

by 50%, are 41 mT for the DC fields and 43 mT for

AF demagnetization, respectively.

R-values of Wohlfarth–Cisowski test [19], which

compare the IRM acquisition and demagnetization

behavior, are Rdf=0.45 (df refers to the DC field)

and Raf= 0.41 for sample P2, suggesting moderate

magnetic interactions. For sample P3, the respective

values are MDFaf= 45 mT and Raf=0.39.

The ARM shows a shoulder in the demagnetization

curve and a platform at the initial part of the acquisi-

tion curve, as obtained following approach (1) (Fig.

2b). The MDF by AF demagnetization obtained for
sample P2 is ~49 mT and its R-value is 0.47. For

sample P3, the corresponding values of MDF and R-

value are 51 mT and 0.44. Both P2 and P3 samples

show a linear dependence of the ARM with the DC-

field up to 0.1 mT. The susceptibilities of ARM (varm)

are 177.2�10�5 SI.

3.2. Hysteresis

The saturation magnetization (Ms) of samples P2

and P3 (after superparamagnetic slope correction) is

6.7�10�8 Am2 and 2.8�10�8 Am2, respectively,

suggesting that the relative amount of cells in the

two samples is about 2.4 :1. From the Ms values, we

estimated an approximate number of cells in samples

P2 and P3 of ~67 and ~28 millions, respectively

(assuming the average magnetic moment of an indi-

vidual MTB as 10�12 emu, [20]).

The hysteresis loops of samples P2 and P3 are

characterized by their pot-bellied-shape (Fig. 3). The

samples are saturated at a field of ~100 mT. The

respective values of the coercive force (Bc) for samples

P2 and P3 are 26.7 and 33.4 mT, while the remanence

coercivity (Bcr) are 40 and 45.5 mT, the ratios of

saturation remanence to saturation magnetization

(Mrs /Ms) are 0.47 and 0.51, and the ratios of rema-

nence coercivity to coercive force (Bcr /Bc) are 1.5 and

1.36, respectively. The hysteresis parameters indicate

that the magnetosomes in the cells are SD magnetite, a

result consistent with the IRM and ARM behaviors.

This is further confirmed by the saturation initial

curves measurements, i.e., the overlap between the

Msi(B) curves and the upper branches of loops (Fig. 3).

As samples were concentrated in a preferential

direction during the accumulation (see Fig. 1c, d), a

distribution anisotropy could be introduced by the

sample preparation. To test this, we measured the

sample P3 in six positions (three are shown in Fig.

3). From position (a) to (c), both the Bc and Mrs /Ms

slightly increase. The higher values of Bc and Mrs /Ms

in position (c) suggest a preferred chain orientation

parallel to the swimming direction of cells.

3.3. The FORC diagram

We obtained the FORC diagrams of the P3 sam-

ple and a synthetic magnetite powder sample of

comparable grain sizes for comparison. The magne-
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tite powder has a mean grain size of 50 nm. Its

Verwey transition was determined as 120 K. The

powder sample for the FORC measurement was

not dispersed in a non-magnetic matrix, but just

wrapped (in cling film) in order to maximize inter-

actions effects.

The FORC distribution of the sample P3 (Fig. 4a)

is concentrated along the Hb=0 axis with a smaller

vertical spread compared to the FORC distribution of

the SD powder sample (Fig. 4b). In both cases, the

FORC distribution is slightly shifted towards nega-

tive Hb values, which we interpret as a mean-field

effect. The characteristic interaction field in the MTB

sample (Hb1/2=6.3 mT, defined as in the inset in Fig.

4a) is lower than that in the powder sample (Hb1/2=

8.3 mT in the inset in Fig. 4b). The FORC distribu-

tion we obtained for the MTB sample is elongated

along the Hc-axis (Fig. 4a). The coercivity distribu-

tion along the Hc axis has a major peak centered at

l =40 mT and can be approximated by a normal

distribution with a standard deviation of r =18 mT.

The coercivity distribution of the powder sample, on

the other hand, followed a log-normal distribution

(~exp(� log(Hc /l)
2 / (2r2)) /Hc, with l =22 mT and

r =0.53.

3.4. The delta ratio test

Fig. 5 shows results of the low-temperature mag-

netic measurements on P2 and P3 samples. The

SIRM5K imparted at 5 K in an applied field of 5 T

after FC treatment rapidly decay around the tempera-

ture intervals of 5–30 and 90–110 K (Fig. 5a,b). The

latter is nearly depressed on the warming curves of the

SIRM5K after ZFC treatments and only a small drop

can be seen around 110 K. The delta ratio dFC /dZFC
are 2.3 and 3.7 for samples P2 and P3, respectively.

This confirms that the threshold value (dFC /dZFCN2)

for bacterial magnetite of cultured MTB strains pro-

posed by [13] also holds for the uncultured MTB

cells.

3.5. Cycling curves of SIRM300K (300Y5Y300 K)

The zero-field cooling–warming cycling curves of

SIRM300K are presented in Fig. 5c,d. Upon cooling

curves (300Y5 K), the remanence of the sample

increases up to 130 K, then rapidly decreases between
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Hb1/2=8.3 mT at Hc=17.8 mT (b).
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100 and 70 K, and stays nearly constant down to 5 K,

where the remanence gained is nearly 4% compared to

the SIRM300K. Upon warming curves (5Y300 K),
the remanence shows reversible behavior until 70–80

K with respect to the cooling curve, and partially

increases below 100–130 K, then gradually decreases
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to 300 K. The remanence remaining at 300 K is 4–6%

less than the initial value of SIRM300K.
4. Discussion

4.1. Interpretations of the magnetic properties

The sample preparation technique used in this

study enabled us to obtain samples containing solely

uncultured MTBs. We obtained a mixture of two

morphotypes of MTBs: wild-type cocci and large

rod-shaped M. bavaricum. Direct visual observations

confirmed that cocci are dominant in both P2 and P3

(see Fig. 1c).

The results of the room-temperature magnetic mea-

surements indicate that the magnetosomes consist of

SD magnetite. Evidences for that are (1) the shoulder
seen in the demagnetization curve of ARM; (2) rela-

tive high Bc (~26–33 mT) and Bcr (~40–45 mT); (3)

the low saturation magnetization field (b100 mT), the

initial saturation curves and the broad pot-bellied

shaped hysteresis loops; and (4) the closed pattern

of the FORC diagram (see Figs. 2 – 4).

Our samples showed a small loss of remanence in

the FC curves between 90 and 110 K, which are

almost diminished in the ZFC curves (Fig. 5). We

interpret this loss in remanence as a manifestation of

the Verwey transition (Tv) for magnetite, albeit yield-

ing values lower than expected (theoretical value

~120 K [21]). This low value of Tv suggests that the

magnetite in samples P2 and P3 may have suffered a

partial oxidation during sample preparation due to air-

drying, resulting in the formation of maghemite rims

on some grains [22]. Alternatively, the low value of Tv

may represent an intrinsic magnetic nature of bacterial
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magnetite (see discussion below). Causes for the rem-

anence drop between 5 and 30 K in the curves after

FC cooling are however unclear. We propose two

explanations: (1) the paramagnetic behavior of grow-

ing magnetosomes just below the threshold of SD/SP,

and/or (2) a decrease of the effective SD grain size

due to partial oxidation.

The delta ratios dFC /dZFC of samples P2 and P3

are greater than 2, thus the proposed criterion for the

detection of magnetosome chains obtained for cul-

tured cells (dFC /dZFCN2) holds in our uncultured

MTBs. As mentioned above, the delta ratio test relies

on the chain arrangement of the magnetosomes, and

the delta ratios obtained here suggest that most of

magnetosomes in our samples have been preserved

in chains. A predominance of disrupted chains (e.g.,

isolated magnetosomes) would yield values close to 1

[13]. It is still an open question as to whether chains of

oxidized magnetosomes yield enhanced delta ratios as

predicted from numerical modelling. While the delta

ratio of an Magnetospirillum magnetotacticum MV-1

sample increased strongly from 1.55 to 4.8 after 3

years of aging [14], an Magnetospirillum magnetotac-

ticum MS-1 sample had a ratio of 1.1 after 4 years of

exposure to air [23]. On way to test this hypothesis is

by measuring the two samples prepared following two

different drying protocols (air-drying and freeze-dry-

ing) and compare their delta ratios. Because it is

unpractical to obtain a sufficient number of uncultured

cells from sediments by freeze-drying methods using

our technique, it would be desirable to test the oxida-

tion effect by applying both air-dried and freeze-dried

preparation in a same cultured strain.

Özdemir et al. [24, Fig. 5] reported the cycling

curve of the SIRM of a synthetic fine-grained mag-

netite sample (median particle size of 0.037 Am),

showing a cooling curve almost flat between 300

and 150 K, and a remanence loss of c.a. 5% of the

initial SIRM value. SIRM cooling and warming were

reversible for the monoclinic phase in the range of 5–

90 K, with all but 2% of the initial SIRM intensity

being recovered at 5 K. Warming through the Verwey

transition resulted in a remanence loss, with 85% of

the initial SIRM remaining at 300 K. However, as

seen in Fig. 5c, d, both P2 and P3 show significant

differences: (1) Between the room temperature and the

isotropic point Ti at 130 K, the SIRMs on both cooling

and heating curves have reverse relationships with
temperature. (2) At 5 K the SIRM increases by 4%

compared to the initial SIRM. (3) When crossing Tv

upon warming, the SIRM is partially recovered. (4)

The SIRM remaining at 300 K is about 95% of the

initial SIRM intensity. This intriguing contrast in the

response of the MTB samples and the synthetic mag-

netite samples in the cooling–warming cycle may be

related to the predominance of chain arrangements in

the MTB samples. We plan further investigations

(e.g., micromagnetic simulation) to verify this point.

The MTB sample did not display an intensity jump on

crossing Tv during cooling. One explanation is that

when cooling through Tv, the sharp increases in coer-

civity will turn SD-PSD particles of magnetite from

vortex state into flower state [25], thereby increasing

the bulk remanence intensity.

4.2. Magnetostatic interaction

Magnetic interactions between grains strongly af-

fect their magnetic properties [21]. Because our sam-

ples contain millions of dehydrated cells, the

agglomeration of cells and shrinkage of the cell’s

membrane and cytoplasm could substantially enhance

the particle and chain interactions, due to a decrease in

the distance between magnetosomes and magnetosome

chains. Grain interaction in SD case is the main reason

for a finite ARM susceptibility [26,27]. For non-inter-

acting, uniaxial SD particles, the R-value should be

0.5. When increasing interactions, it decreases. The R-

values for our samples are 0.39–0.47, indicating mod-

erate magnetostactic interactions. This is further con-

firmed by the ARM/IRM variation as a function of the

applied DC fields (Fig. 6a). Previous studies on both

natural and synthetic samples show that the ARM/

SIRM gradually decreases when increasing the mag-

netic interaction [28,29]. Moreover, sample P2 has

relatively lower Bc, Bcr, Mrs /Ms, and MDF values

and the higher Bcr /Bc values than P3, probably due

to the higher cell density. Supporting this idea is the

fact that the sample of extracted magnetosomes of A.

magnetotacticum (M-2) has much lower coercivity

than that of the whole cell sample (M-1) (Fig. 6b).

The comparatively low interactions fields in the

MTB sample can be rationalized as follows. The

magnetite crystals within a magnetosome chain are

fairly regularly arranged, giving rise to relatively uni-

form intra-chain interaction fields of some 60 mT
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(except at the chain ends). On the other hand, the

interaction fields in the FORC diagram barely exceed

20 mT, which is well below the intra-chain interaction

field for magnetosomes. The dominating interactions

picked up by the FORC diagram are therefore chain–

chain and cell–cell interactions rather than intra-chain

interactions. In other words, a chain of magnetosomes

behaves as a single elongated particle (with uniaxial

anisotropy) and switches as a unit, as demonstrated by

remanence measurements on individual magnetic bac-

teria [30]. Thus, we may attribute the microcoercivity

distribution to switching events where the whole chain

polarity is reversed. Interestingly, the MTB sample

shows a region with negative values of the FORC

distribution whilst the magnetite powder sample does

not, although both are dominated by uniaxial symme-

try as inferred from the respective major hysteresis

loops. Micromagnetic modelling [31] predicts such
negative regions for randomly oriented SD particles

with uniaxial symmetry. From our modelling of uni-

axial Stoner–Wohlfarth particles, we would expect to

see the negative region for the SD powder sample

centered about (Hb,Hc)= (�15, 5), that is, along the

458 line from (Hb,Hc)= (�20, 0) to (Hb,Hc)= (0,20).

That region, however, is encroached by the large

spread of the positive-valued FORC distribution,

which thus veils the negative region.

4.3. Comparison with cultured MTBs and inorganic

magnetites

The development of effective rock magnetic crite-

ria for identifying bacterial magnetite in sediments

depends heavily on our understanding of the specific

properties of bacterial magnetite and the changes of

these properties due to natural processes. It is there-
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fore interesting to compare the results presented here

with data found in the literature. Up to this day, the

previous studies of the magnetic properties of bacte-

rial magnetite have focused on cultured strains, which

allow for a rapid sample preparation and characteriza-

tion. In these studies, the samples were freeze-dried to

avoid deterioration of the magnetic material. On the

contrary, the preparation of our samples lasted be-

tween 1 and 2 months and the cells were air-dried at

ambient temperature. Hence, caution should be taken

when comparing our results with previous works as

some difference may be due to the different protocols

followed in sample preparation. On the other hand,

our samples may reflect more closely the transforma-

tion processes that bacterial magnetite undergo in

natural environments.

As can be seen in Table 1, our samples have larger

values of Bcr and MDF than that of freeze-dried whole

cells (M-1) and isolated magnetosomes (M-2) of M.

magnetotacticum [12]. The ARM coercivity spectrum

of sample P2 is comparable to the freeze-dried M-1,

but higher than that of chiton magnetite and extracted

magnetosome M-2 (Fig. 6b). These parameters do not

exhibit clear consistencies among biogenic particles,

while they are indistinguishable from that of a syn-

thetic SD magnetite samples [29] (see Table 1), sug-

gesting that those parameters alone cannot pinpoint

the biogenic origin of the magnetite particles.

A comparison of the DC field dependences of

ARM/SIRM with other bacterial magnetite particles

(Fig. 6c) shows that the linear trend observed in the P2

sample at weak DC field is very similar to that of

Chiton magnetite [19] and extracted magnetosomes

[13], but well below the curves of wet cells and

freeze-dried cells, which are non-linear up to field

intensity of 1.5 mT [13]. These discrepancies could

be caused by magnetic interaction effects (see 4.2),

grain shape anisotropy (elongated magnetosomes in

M. bavaricum) in our samples, and/or other discre-

pancies between bacterial species.

Importantly, whole cell samples of both uncultured

(wild-type cocci and M. bavaricum) and cultured

bacteria (strain MV, M. magnetotacticum MS-1, and

M. magneticum AMB-1) have delta ratios greater than

2 (Table 2 and Fig. 6d), regardless of the preparation

method (e.g. wet, freeze- or air-dried). This strongly

confirms the assumption that intact chain arrange-

ments lead to high delta ratios [13]. The extracted
magnetosomes (disrupted chains) and SD magnetite

induced by Geobacter metallireducens GS-15 (non-

chain arrangement), on the other hand, have delta

ratios less than 1.6 (Table 2). We have therefore

validated for the first time the delta ratio test with

naturally occurring populations of MTBs. The method

thus stands as a resourceful tool for the identification

of biogenic magnetite.

The average dZFC and dFC values for whole cells,

isolated magnetosomes, and extracellular magnetites

(SD) produced by GS-15 cultured in low-CO2 con-

centration [32], fall between ~0.1 and 0.3, which are

distinctly lower than that of inorganic stoichiometric

magnetite (including SD magnetite) and extracellular-

ly-produced magnetite produced by GS-15 cultured in

high-CO2 concentrations, but higher than dFC of grei-

gite and maghemite (Table 2 and Fig. 7). This sug-

gests that the dFC can be used as a first indicator of

bacterial SD magnetite. However, caution should be

taken because dFC of nonstoichiometric (oxidised)

inorganic magnetite may fall into the same range [34].

Another significant feature in Table 2 is that all

whole cell samples show a distinctly low Tv between

100 and 110 K, regardless of species and preparation

methods. Moskowitz et al. [13] first reported the

Tvc100 K for the wet and freeze-dried Magnetos-

pirillum magnetotacticum strains MV1, MV2 and

MS1. Recently, Weiss et al. [23] observed the Verwey

transition at 102F4 K for freeze-dried strains Mag-

netospirillum magnetotacticum strain ‘AMB-1. Our

samples show a Tvc100 K. The low values of Tv

may be interpreted as an intrinsic property of bacterial

magnetite or as a result of oxidation processes during

sample preparation, which alter the magnetic proper-

ties of the particles. However, the later interpretation

is less likely because oxidation effects on wet and

freeze-dried cells should be insignificant.

4.4. Implications for paleomagnetism and

environmental magnetism

MTBs are ubiquitous in a broad range of natural

environments from marine to continental habitats.

When MTBs die, magnetosomes can be preserved in

sediments and become important carriers of stable

natural remanent magnetization. However, the contri-

bution of bacterial magnetite to the sediment’s mag-

netic properties has proved difficult to assess. To begin
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with, the database on magnetic properties of uncul-

tured MTBs is still sparse. Then it is not clear under

which conditions magnetosome chains can be pre-

served as such and if they resist post-depositional

alterations such as maghemitization (e.g. [22]) and

diagenetic dissolution (e.g. [35,36]). Lastly, it is non-

trivial to mathematically isolate the bacterial magnetite

end-member component from mixtures of magnetic

minerals of different origin and composition, despite

a promising approach developed recently by Egli [37].

Pan et al. [6] recently investigated the magnetic

properties of surface sediments in lake Chiemsee. The

combination of magnetic and non-magnetic techni-

ques (TEM and X-ray diffraction analyses) demon-

strated the presence of bacterial magnetite in the

topmost 5 cm of the sediment, in coexistence with
coarser-grained detrital magnetite. The authors

reported a strong similarity of the remanence coerciv-

ity spectra between bulk sediments and pure MTB

samples, supporting the idea that bacterial magnetite

can be a main magnetic component in the topmost few

cm of the sediments [6, Fig. 10]. This biogenic com-

ponent, however, rapidly disappeared in the sediment

column leading to a significant change in the rock

magnetic properties of the sediment. As seen in Fig. 7,

the dFC values of bulk sediments fall between those of

the inorganic magnetite and magnetosomes, suggest-

ing an important contribution of the later to the bulk

magnetic properties of the sediments. However, the

bulk sediments containing MTBs failed to pass the

delta ratio test. The low delta values were interpreted

by [6] as being due to the presence of multidomain

detrital magnetite, disrupted magnetosome chains and

possibly incipient low-temperature oxidation of the

bacterial magnetite. Hence, at the present state of

knowledge, rock magnetic criteria alone cannot un-

ravel the biogenic origin of magnetite particles in bulk

sediment samples. The construction of more effective

rock magnetic criteria for detection of bacterial mag-

netite in bulk sediments heavily depends on our un-

derstanding of differences between biogenic and

inorganic magnetite, and more studies on both cul-

tured and uncultured MTB species and the preserva-

tion state of the magnetosome chain arrangement in

natural environments are necessary.
5. Conclusions

Based on the discussion above, the following con-

clusions can be drawn:

(1) Rock magnetic measurements of two bulk sam-

ples containing solely cells of wild-type cocci

and M. bavaricum indicate that the magneto-

somes are dominantly single-domain magnetite.

(2) The delta ratio test consistently yielded values

greater than 2 (2.3 and 3.7), the threshold for

magnetosome chains as first established in cul-

tured MTB cells and is now confirmed for

uncultured MTB cells. The method therefore

stands as a resourceful tool for the identifica-

tion of biogenic magnetite particles arranged in

chains. Moreover, the dFC values (consistently
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falling between 0.1 and 0.3) may also be used

as an additional proxy for the detection of

magnetosomes.

(3) Low-temperature SIRM cycling curves and

first-order-reversal-curve (FORC) diagrams of

the MTB samples differ significantly from the

ones measured on SD-magnetite powder sam-

ples. The switching field distributions were

found to obey a normal distribution in the

MTB sample (mean at 40 mT) and a log-normal

distribution in the powder sample (mean at 20

mT), respectively.

(4) The results from our bulk magnetic measure-

ments (vertical spread in the FORC diagram; R-

values slightly below 0.5; ARM versus the weak

DC field intensity) indicate weak to moderate

interaction fields in the MTB sample (despite

high concentrations of MTB), which can be at-

tributed to chain–chain or cell–cell interactions.

The crystals in a chain act as a magnetic unit in

rock magnetic bulk measurements (magnetic

moment) and can therefore not be resolved as

such. Spin-sensitive bulk methods such as EPR

can be used as a complimentary tool to determine

the mean strength of the interaction fields be-

tween crystals in a chain, as demonstrated in [23].

(5) Based on all available data, magnetosomes

were found to undergo the Verwey transition

at ~100 K, regardless of species and drying

methods, which is distinctly lower than the

Verwey temperature reported for stoichiometric

magnetite (120–125 K). We advocate more re-

search on this peculiarity, which may well turn

out to be another diagnostic criterion of biogen-

ic magnetite.

(6) Our samples have higher values of Bcr (~40–45

mT) and MDF (~43–45 mT), but lower values

of ARM/SIRM compared to cultured MTB sam-

ples. This discrepancy is likely to be caused by

different oxidation states, magnetic interactions

or species-specific morphological properties of

magnetosomes.
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