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[1] Identification of the mineral remains of magnetotactic bacteria (MTB), known as magnetofossils, is of
particular interest because their occurrence can be used for environmental and climatic reconstructions.
Single‐domain magnetite particles, which are biomineralized in the cell body of MTB, have characteristic
properties that can be used to detect their fossil remains. Acquisition of anhysteretic and isothermal remanent
magnetization (ARM and IRM), first‐order reversal curve (FORC) diagrams, and ferromagnetic resonance
(FMR) spectra were used to detect the magnetic mineral inventory in Holocene lake sediments. A compar-
ative analysis in terms of the discriminatory power of these methods is presented. The FORC diagrams con-
tain two distinct features: a sharp horizontal ridge centered on the horizontal axis Bc and a feature with
symmetric spread along the vertical Bb axis. The coercivity spectra derived from the central ridge coincides
with that derived from ARM and IRM acquisition curves and is compatible with the presence of noninteract-
ing linear chains of single‐domain magnetite. The second feature on FORC diagrams is indicative of inter-
acting particles in clusters. In the FMR spectra from bulk sediment, two populations are separated empirically
based on the FORC information. An asymmetric signal is taken to describe the population, which contains
single‐domain particles in clusters. Empirical spectral separation of this contribution results in FMR spectra
that are similar to those of intactMTB,which strongly suggests that a fraction of linear magnetosome chains is
present. Combination of FMR and FORC results demonstrates the strong potential of these methods for iden-
tifying magnetofossils, based on alignment and interaction patterns of magnetic particles.
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1. Introduction

[2] Microorganisms are sparsely preserved in geo-
logical records. Consequently the paleoecology of
microbial biota is poorly understood. In the
absence of microbiological morphologies, mineral
biomarkers have been taken as evidence for bio-
logical activity because of their high chemical
stability under near–Earth surface conditions.
Among the large group of unicellular microorgan-
isms, magnetotactic bacteria (MTB) have the
ability to produce membrane‐enclosed ferrimag-
netic minerals termed magnetosomes, which gen-
erally consist of magnetite (Fe3O4) or greigite
(Fe3S4) [Frankel et al., 1979; Farina et al., 1990;
Mann et al., 1990; Pósfai et al., 1998; Fischer et al.,
2011]. In most mature intact MTB, particles are
aligned in a chain configuration, which creates a
cellular magnetic dipole [Frankel et al., 1979]. This
dipole is usually large enough to interact with the
Earth’s magnetic field and therefore to operate as a
compass to navigate MTB along field lines toward
their favorable habitat [Frankel and Blakemore,
1980; Kalmijn, 1981; Erglis et al., 2007]. Studies
of wild‐type MTB have shown that the preferred
habitats for MTB is around the oxic‐anoxic transi-
tion zone (OATZ) in marine environments, rivers,
lakes, and soils [Sparks et al., 1986;Vali et al., 1987;
Bazylinski et al., 1988; Fassbinder et al., 1990;
Simmons et al., 2004; Kim et al., 2005; Flies et al.,
2005; Moskowitz et al., 2008]. Until now, magne-
tofossils have been reported from selected deposits
that may even extend in age as far back as the Pre-
cambrian, but their documentation in geological
records is fragmentary [Chang et al., 1989; Stolz
et al., 1989; Petermann and Bleil, 1993; Snowball,
1994; Smirnov and Tarduno, 2000; Pan et al., 2005;
Housen and Moskowitz, 2006; Bazylinski et al.,
2007; Kopp and Kirschvink, 2008; Abrajevitch
and Kodama, 2009]. Holocene lake sediments
often contain high‐quality magnetosome records
[e.g., Sparks et al., 1986; Vali et al., 1987; Snowball,
1994; Oldfield et al., 2003; Paasche et al., 2004;
Haltia‐Hovi et al., 2010]. MTB can be used as
potential biomarkers for ecological and climate
reconstructions [Snowball et al., 2002]. Because
they are an ideal magnetic carrier of natural rema-
nent magnetization, MTB and their fossil remains

can be used to study the behavior of the Earth’s
magnetic field [Løvlie and Larsen, 1981; Kirschvink,
1982; Petersen et al., 1986; Snowball et al., 2002;
Winklhofer and Petersen , 2007; Kopp and
Kirschvink, 2008]. Identification of magnetofossils
is more complicated because bacterial cells even-
tually lyse in geological systems, which results in
destruction of the magnetosome chain configura-
tion, whose mechanical stability is due to organic
supporting material [Shcherbakov et al., 1997;
Scheffel et al., 2006]. Therefore, magnetofossil
preservation is vitally affected by chemical and
physical conditions, such as decomposition rate of
organic matter or turbulence during taphonomy
[Chang and Kirschvink, 1989]. Depending on these
conditions, MTB can be preserved as chains, chain
fragments, clusters of magnetosomes or as single
magnetosomes. MTB and their fossil remains are
generally identified by microscopy and magnetic
methods. Living MTB can be easily detected using
phase contrast or differential interference contrast
microscopy and a bar magnet, which dictates their
movements [Blakemore, 1982; Kirschvink, 1980;
Petersen et al., 1986]. For detailed characterization
of the morphology of magnetosomes, electron
microscopy has been applied successfully [Mann
et al., 1987; Bazylinski et al., 1994]. Microscopic
methods, however, are less effective for magneto-
fossils that are unevenly distributed in bulk sedi-
ments. This shortcoming is often overcome by
magnetic extraction [Blakemore, 1982]. However, if
the magnetosomes are highly diluted or if they are
embedded in a clay‐rich and/or organic matrix,
magnetic extraction has had limited success. More-
over, extraction affects the preserved configuration
of magnetosomes, which is a key parameter for
identification of MTB as well as magnetofossils.

[3] Magnetic methods have been used extensively
to detect MTB and magnetofossils. The high sen-
sitivity of these methods allows their application on
bulk material. For improved identification of
magnetofossil chains, features that can be exploited
are (1) narrow grain size distribution of magneto-
somes in the single‐domain range and (2) pro-
nounced shape anisotropy due to linear alignment
of the magnetosomes. Both criteria can be assessed
with bulk sediment samples. With the first criterion
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only, ambiguity remains because such single‐
domain particles can also be produced by inorganic
processes [Maher and Taylor, 1988]. In contrast,
the one‐dimensional assembly of magnetite parti-
cles formed without an applied magnetic field is
exclusively produced by MTB [Philipse and Maas,
2002; Zhang et al., 2009]. Intact chains generate
pronounced interaction‐induced shape anisotropy.
Increased disintegration of chains weakens shape
anisotropy. Clusters of magnetosomes and isolated
magnetosomes have no detectable interaction‐
induced shape anisotropy. A standard magnetic
approach for chain identification in bulk sediments
is the test of Moskowitz et al. [1993]. This test uses
changes in magnetic remanence properties of
magnetite on warming through the Verwey transi-
tion after zero‐field cooling and field cooling,
respectively. The Moskowitz test leads to false
conclusions if the magnetosomes are oxidized or if
the magnetosome chains are mixed with a popu-
lation of nonchain ferrimagnetic crystals [Weiss
et al., 2004; Kopp and Kirschvink, 2008]. Further-
more, there is still ambiguity about the robustness
of this test [Carter‐Stiglitz et al., 2002, 2003;Weiss
et al., 2004; Fischer et al., 2008].

[4] In recent years, different rock magnetic para-
meters, mainly inferred from hysteresis properties
or remanence measurements, have been used to
detect MTB [Lascu et al., 2010]. Among the dif-
ferent methods, first‐order reversal curves (FORCs)
have been a valuable tool because they are sensitive
to interactions [Pike et al., 1999] and variations in
domain state [Roberts et al., 2000]. Moreover,
detailed analysis of FORC diagrams of sediments
that are known to contain abundant magnetofossils
contain characteristic features that have been inter-
preted as evidence for chain configurations [Chen
et al., 2007;Abrajevitch andKodama, 2009;Paasche
and Larsen, 2010; Egli et al., 2010]. This interpre-
tation is based on the assumption that magneto-
somes with interaction‐induced shape anisotropy
[Penninga et al., 1995; Hanzlik et al., 2002;
Muxworthy and Williams, 2006] act as noninter-
acting or weakly interacting uniaxial single‐domain
particles [Egli et al., 2010].

[5] A powerful method for detecting anisotropy
effects is ferromagnetic resonance (FMR) spectros-
copy [Bickford, 1950; Vonsovskii, 1966]. Studies
of intact MTB reveal characteristic spectral fea-
tures, which are caused by the difference in mag-
netization parallel and perpendicular to the axes
of one‐dimensional assemblies of magnetosomes
[Weiss et al., 2004; Kopp et al., 2006; Kopp and
Kirschvink, 2008; Fischer et al., 2008]. The few

FMR studies that have been performed on magneto-
fossils reveal less pronounced spectral traits [Kopp
and Kirschvink, 2008]. This is due to the fact that
in geological samples magnetofossils are preserved
in different configurations. Despite the fact that the
different magnetic methods provide specific infor-
mation about the occurrence of magnetofossils, their
unambiguous detection is still critical.

[6] The purpose of this study is to investigate
whether FORC and FMR data reflect the same
magnetic characteristics, and whether they can be
mutually supportive in interpreting the presence of
magnetofossil chains. The robustness of this com-
bined approach for improved identification of
magnetofossils is discussed using Holocene lake
sediments as an example.

2. Samples and Methods

2.1. Sediment Samples
[7] The sediments were obtained from the Sop-
pensee, a closed limnological system with negli-
gible detrital input, that was formed during the last
glaciation in central Switzerland [Lotter, 2001].
Samples were collected from a dark gray layer of
about one meter thickness within a ≈8 m long
piston core. Sedimentological and geochemical
analyses indicate that this layer is characterized by
organic carbon contents of about 20% and a sulfur
content below the detection limit [Fischer, 1996],
which indicates predominantly postoxic conditions
[Berner, 1981; Lotter, 2001]. This mid‐Holocene
layer is indicative of a paleo‐OATZ, and is therefore
a likely host for magnetofossils. Considering the low
sulfur content in this environment, magnetofossils
are most likely magnetite and/or maghemite. Along
a profile through this layer, 66 samples were col-
lected in 12 cm3 cubes. Five samples (236, 237, 239,
243, and 245) were taken within the dark grey,
organic‐rich layer for detailed assessment of mag-
netic properties.

2.2. Magnetic Measurements

2.2.1. Remanent Magnetization

[8] Acquisition and demagnetization of an iso-
thermal remanent magnetization (IRM) were per-
formed on each cube to determine remanence
coercivity spectra. The IRM was acquired in fields
up to 1.5 T using an ASC Scientific Pulse Mag-
netizer model IM‐10‐30. IRM measurements were
repeated twice for both the acquisition and
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demagnetization curves. IRM acquisition and its
demagnetization were performed in 20 and 40 steps,
respectively. An anhysteretic remanent magnetiza-
tion (ARM) was imparted along the z axis of the
cube in a 120 mT alternating field (AF) with a DC
bias field of 0.1 mT after the sample had been
demagnetized along three orthogonal axes with a
maximum peak field of 150 mT. AF demagneti-
zation was performed with up to 80 steps of
increasing peak field intensity along the direction
of the ARM. To increase experimental precision,
the ARM procedure was repeated 7 times for
sample 237 and 3 times for the other samples. IRM
and ARM were measured with a 2G Enterprises,
model 755R, three‐axis DC‐SQUID rock magne-
tometer and were normalized using the maximum
magnetization to obtain the median destructive
field (MDF). The MDF is defined as the AF
demagnetization field needed to reduce the initial
saturated remanence by one half.

2.2.2. Induced Magnetization

[9] Low‐field magnetic susceptibility was mea-
sured using an AGICO KLY‐2 Kappabridge
magnetic susceptibility meter. Hysteresis properties
were measured in sweeping mode using a Prince-
ton Measurements Corporation MicroMag 2900
alternating gradient magnetometer (AGM) in fields
up to 1 T with an averaging time of 100 ms. Satu-
ration magnetization (Ms), saturation remanence
(Mrs) and coercivity (Bc) were determined after
correction for linear contribution of the paramag-
netic and diamagnetic phases. The remanent mag-
netization imparted at 1 T was then demagnetized
in a backfield to obtain the coercivity of remanence
(Bcr). Measurements for sample 237 were made on
4 subsamples of about 4 mg each. A single mea-
surement was made on a subsample of the remaining
samples (236, 239, 243, and 245).

[10] First‐order reversal curves (FORCs) were
measured to obtain a detailed analysis of the Bc

spectrum of the five samples and to estimate
magnetic interactions [Pike et al., 1999; Roberts et al.,
2000]. These partial hysteresis curves were mea-
sured on the AGM by saturating the sample at 1 T,
decreasing the field down to a determined value,
and reversing the field sweep again to the saturation
state. The procedure was repeated in a series of
steps following the protocol described by Roberts
et al. [2000]. The intrinsic parameters that are
responsible for the span and resolution of the
FORC diagram were set at ±80 mT for the vertical
axis, and between 0 and 100 mT for the horizontal

axis. The field increment DB was different for each
samples. The highest resolution, withDB = 0.5 mT,
resulted in measurement of 541 FORCs for sample
237. The other four samples were measuredwithDB
of around 2 mT and therefore with fewer FORCs.

[11] The intrinsic resolution of each FORC data set
is high enough to clearly identify a central ridge for
the chosen field increment [Egli et al., 2010]. The
central ridge is characterized by a broad horizontal
and a narrow vertical distribution in the FORC dia-
gram. Vertical spreads around Bb = 0 are expressed
as Bb,1/2. FORC diagrams were calculated using a
MATLAB code [Winklhofer and Zimanyi, 2006]
and subtraction of the central ridge was done as
described by Egli et al. [2010]. To isolate the
central ridge from the FORC diagram, a narrow
horizontal strip containing the ridge was extracted
and the remaining FORC distribution was interpo-
lated across the strip. To verify the robustness of
the approach, horizontal strips of different width
were extracted from the FORC distribution, which
resulted in approximately the same central ridge
function. To represent the FORC diagrams that
contain the central ridge and the ridge‐free FORC
function, a value of SF = 3 was used [Roberts et al.,
2000], which removes most of the measurement
noise and avoids excessive broadening of the
FORC function. In addition, the calculated param-
eter ICR, which is the integral of the central ridge,
was determined to estimate the contribution of the
different magnetic populations to Mrs [Egli et al.,
2010].

2.2.3. Electron Magnetic Spectroscopy

[12] Electron magnetic resonance analysis can be
subdivided schematically into electron paramag-
netic resonance (EPR) and ferromagnetic resonance
(FMR) spectroscopy. For paramagnetic species,
such as molecules, ions or atoms possessing elec-
trons with unpaired spins, the absorption of
microwave energy is measured as a function of the
applied field B. Absorption occurs when the reso-
nance condition

�h � � ¼ g � �B � B ð1Þ

is fulfilled, where �h is Planck’s constant (6.626 ·
1034 Js), n is the microwave frequency, g is the
splitting factor, mB the Bohr magneton (9.274 ·
10−24 J/T), and B the applied magnetic field. In
contrast to EPR, FMR spectroscopy detects cou-
pled spins of a magnetically ordered phase. In this
case, the applied field that established resonance
conditions is affected by the internal field (Bint)
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generated in the sample. Therefore, the resonance
field (Bres) is the sum of the applied field B and the
internal fields Bint. The latter is the sum of all
anisotropy fields (e.g., magnetocrystalline and shape)
in the magnetic material, which cannot be mea-
sured directly. In FMR spectroscopy the equation

�h � � ¼ geff � �B � Bres ð2Þ

is often used, where Bres is the resonance field,
obtained from the applied field at maximum
absorption, and geff is the corresponding effective g
factor. Considering equation (2), the measured geff
value takes into account the influence of Bint. The
line width DB and the asymmetry ratio A are two
additional parameters used to describe the FMR
spectra [Weiss et al., 2004; Kopp et al., 2006]. DB
is defined as the full width at half maximum of the
absorption spectrum. The subdivision of DB into
DBlow and DBhigh with respect to Bres is used to
determine the asymmetry ratio A = DBhigh/DBlow,
where DBhigh = Bhigh − Bres, DBlow = Bres − Blow,
and Bhigh and Blow are the maximum and minimum
fields of the half maximum absorption from the
FMR spectrum, respectively.

[13] FMR measurements were made on sample
237, which was also used for the high‐resolution
FORC analysis. The spectra were acquired using an
X band Bruker EMX spectrometer. For room
temperature measurements, the microwave power
was set at 2 mW, with modulation amplitude of
0.1 mT, microwave frequency of 9.87 GHz, and the
spectra were integrated over three sweeps of the
applied field from 0 to 600 mT. For the measure-
ments at 100 K the same settings were used, except
the adjusted microwave frequency was slightly
lower (9.41 GHz).

[14] If room temperature and low‐temperature
FMR spectra are similar, it can be assumed that the
magnetic particles do not undergo a Verwey tran-
sition, which erases the pronounced shape anisot-
ropy. The absence of such a transition in natural
samples can be explained by partial oxidation or
maghemitization of magnetite [Kakol and Honig,

1989; Özdemir et al., 1993]. This oxidation, how-
ever, could either be the effect of a diagenetic pro-
cess or a result of storage under ambient conditions.

[15] The FMR spectrum represents a superposition
of responses due to all magnetic particles in a
sample, therefore an empirical spectral separation
approach is used to isolate different magnetic con-
figurations [Gehring et al., 2011]. This approach
takes advantage of the fact that the spectral param-
eters A and geff of single particles and clusters are
different to those assembled in chains [Vastyn et al.,
1962; Weiss et al., 2004; Mastrogiacomo et al.,
2010].

3. Results

3.1. Magnetization and Demagnetization
Properties
[16] Magnetic susceptibility measurements of the
66 samples along the profile of the dark gray layer
have a mean value of (2.00 ± 0.33) · 10−6 m3/kg.
The low standard deviation suggests small varia-
tions in magnetic mineral concentration. The five
samples selected from the profile have similar hys-
teresis parameters (Table 1). Bc is 23.4 ± 0.96 mT
and Bcr = 34.7 ± 1.08 mT, which leads to a Bcr/Bc

ratio of 1.49 ± 0.05, and a Mrs/Ms ratio of 0.40 ±
0.05. Therefore, the samples selected for detailed
magnetic analysis can be considered representative.

[17] Detailed analyses on the four subsamples
from sample 237 gives hysteresis values of Bc =
22.4 ± 0.2 mT, Bcr = 33.7 ± 0.6 mT, Mrs = 7.4 ±
1.7 10−2 Am2/kg andMs = 1.89 ± 4.1 10−1 Am2/kg.
The remanence ratio Mrs/Ms = 0.41 ± 0.01 and the
coercivity ratio Bcr/Bc = 1.50 ± 0.02 indicate that the
ferrimagnetic particles are in a single‐domain state
(Figure 1).

[18] ARM and IRM demagnetization results for
sample 237 (Figure 2) are characteristic of single‐
domain magnetite particles [Moskowitz et al.,
1988]. The MDF of the normalized ARM acqui-
sition and demagnetization curves is about 45 mT.

Table 1. Summary of Magnetic Parameters

Sample Bc
a(mT) Bcr

a(mT) Mrs
a(Am2 kg−1) Ms

a(Am2 kg−1) Mrs/Ms
a Bcr/Bc

a ICR/Mrs
b

236 22.5 35.5 6.05 10−02 1.71 10−01 0.36 1.57 0.21
237 22.7 34.7 7.52 10−02 1.92 10−01 0.39 1.52 0.24
239 23.1 34.1 9.31 10−02 9.31 10−03 0.41 1.47 0.24
243 23.9 35.2 1.03 10−01 2.61 10−01 0.39 1.47 0.21
245 24.6 35.8 1.13 10−01 1.13 10−01 0.41 1.45 0.25
aHysteresis parameter.
bFORC parameter.
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The median acquisition, and accordingly, median
destructive field of the IRM is about 40 mT. In
both cases, MDFARM > MDFIRM, with MDFARM/
MDFIRM = 1.21 and 1.09 for the acquisition and
demagnetization curves, respectively. Results of
the modified Lowrie‐Fuller test are of L type [cf.
Johnson et al., 1975], which are considered to be
characteristic of single‐domain particles [Lowrie
and Fuller, 1971; Johnson et al., 1975; Xu and
Dunlop, 1995]. Furthermore, the crossover point

of the IRM curves at 0.48 reflects the symmetry of
the acquisition and demagnetization behavior
[Cisowski, 1981], which indicates noninteracting
single‐domain grains.

[19] To analyze the maximum loss and maximum
gain in magnetization, the derivative of the curves
(Figure 2) was calculated and plotted on a log scale
between 10 and 120 mT. Differences between the
IRM and ARM curves can be seen by the lateral
shift of the maxima in the derivative of the coer-
civity distributions with slightly lower IRM values
than ARM (Figures 2b and 2c). This slight shift can
be explained because IRM takes into account all
particles, whereas ARM selectively responds to
noninteracting particles with coercivity below the
maximum AF applied field during ARM acquisi-
tion [e.g., Egli and Lowrie, 2002; Kobayashi et al.,
2006]. The IRM and ARM acquisition curves were
decomposed into magnetic coercivity components,
assuming that acquisition curves are a linear addi-
tion of different Gaussian components. Both IRM
and ARM component analysis indicates two dom-
inant components, with a low‐coercivity and a
high‐coercivity component. The relative abundance
of these two components was varied by trial and
error so as to achieve a best fit. In Figure 2b, the
IRM decomposition analysis enables identification
of a mean coercivity of around 37 mT for the low
coercivity component and a mean coercivity of
around 59 mT for the high‐coercivity component.
ARM decomposition results in mean coercivities of
around 40 mT and 64 mT for the low‐ and high‐
coercivity components, respectively. The two coer-
civity components agree well with the “biogenic

Figure 1. Set of FORCs for the studied Soppensee
sample 237. Every second FORC measurement, after
subtraction of the paramagnetic mineral contribution,
is shown for clarity. The inset on the right‐hand side
is a Day plot [Day et al., 1977] with data for this sam-
ple, which fall close to the expected field for single‐
domain particles.

Figure 2. Detailed ARM and IRM acquisition and demagnetization curves for sample 237. (a) The intersection point
of the acquisition and demagnetization curves indicates negligible interactions [Cisowski, 1981]. (b, c) The maximum
loss, and accordingly maximum gain, is shown by the first derivative of the ARM and IRM curves. Decomposition of
the remanence curves result in a low‐coercivity (solid line) component and a high‐coercivity (dotted line) component.
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soft” and “biogenic hard” components, which Egli
[2004] consistently identified in various sediments.

3.2. FORC Analysis
[20] The five sediment samples (236, 237, 239, 243
and 245) have similar FORC diagrams to that of
sample 237 (Figure 3). The principal feature is a
broad Bc distribution in a range between 10 and
100 mT with a maximum at Bc = 37 mT and Bb,1/2

around 0 mT (Figure 3). This central ridge is
characteristic of uniaxial noninteracting single‐
domain switching units, e.g., interacting particles
aligned in chains [Egli et al., 2010]. The small
vertical spread of the central ridge is due to the
discrete nature of the measurement protocol and the
convolution imposed by taking a numerical mixed
derivative over (2SF + 1)2 grid points for each (Bb,
Bc) [Egli et al., 2010]. The full width at half
maximum converges to the field spacing dB when
SF goes to zero. This suggests that the central ridge

in these sediments is due to noninteracting uniaxial
switching units. ICR is close to Mrs/4 (Table 1),
which indicates that roughly half of the total satura-
tion remanence is carried by uniaxial noninteracting
single‐domain switching units. After separation of
the central ridge from the FORC diagram, a second
feature becomes more apparent (Figure 3b, dotted
line), which is centered at Bc ≈ 25 mT and spreads in
the ±Bb direction with a full width at half maximum
of about 20 mT. This vertical spread is indicative of
interacting particles [Pike et al., 1999; Roberts et al.,
2000; Egli, 2006]. A comparison of the horizontal
profile through the entire FORC distribution,
r(Bc, 0)/r(33 mT, 0), and the simple switching‐field
distribution of the central ridge, rcr(Bc)/rcr(37 mT),
indicates a slight shift of the latter to higher Bc. The
maximum coercivity of the entire FORC distribution
peaks at 33 mT (Figure 3a), while the maximum
coercivity of the simple central ridge function peaks
at 37 mT for sample 237 (Figure 3c). This shift,
which is seen for all studied samples, is similar to the

Figure 3. Analysis of first‐order reversal curves for the five studied samples. (a) A partial coercivity distribution
from the entire FORC distribution (background signal and central ridge) taken along Bb = 0 with a maximum peak
field of 33 mT for sample 237. The remaining samples have similar maximum peak coercivities between 32 and 34 mT
(inset). (b) A typical FORC diagram with the central ridge indicated with a black contour line and the background signal
indicated by the dashed blue contour lines. (c) The coercivity distribution from the isolated central ridge has a maximum
peak field of 37 mT for sample 237. The remaining samples result in maximum peak coercivities between 36 and 38 mT
(inset). Each spectrum was normalized by its maximum Bc value.
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one observed in the comparison between ARM and
IRM (Figure 2).

[21] There is little variation among the five samples
in terms of their r(Bc, 0) profiles, which all have
roughly a lognormal shape with a mean peak value
of 33.5 ± 1.2 mT (Figure 3a, inset). The same holds
for the central ridge, which has a mean peak field
of 37.4 ± 1.4 mT (Figure 3c, inset). The slightly
lower maximum peak fields obtained from the
isolated ridges can be explained by larger dB values.
The other four samples also have a more diffuse
FORC distribution that remains after isolation of the
central ridge, which is similar to what is found in
sample 237. To summarize, the FORC diagrams
consistently reveal two distinct magnetic popula-
tions, which can be distinguished by their interaction
and coercivity properties.

3.3. Spectroscopic Data
[22] The FMR spectrum for sample 237 at room
temperature (Figure 4) is broad with no zero‐field
absorption. This implies the absence of magneti-
cally soft multidomain particles, whose domain
walls readily absorb microwave energy [Polder
and Smit, 1953; Gehring et al., 2009]. The low‐
field absorption of the FMR spectrum occurs at
about 125 mT, peaks at 242 mT, and has two
shoulders at 166 mT and 324 mT, respectively. The

spectral parameters are Bres = 348 mT, which
corresponds to geff = 2.03. The line width DB is
199 mT, and consists of DBlow = 85 mT and
DBhigh = 114 mT for the low field and high field
absorption, respectively. The calculated asymmetry
ratio A is 0.72.

[23] The FMR spectrum at 100 K has small dif-
ferences compared to the spectrum measured at
300 K. The Bres of 347 mT corresponds to geff =
2.04, DB = 212 mT, and A = 0.67. In addition,
two relatively weak features at g = 4.2 and g = 2 are
found at low temperature (Figure 4). The fact that
these features occur upon cooling is indicative of
paramagnetic species in trace concentrations and
they can be assigned to Fe(III) andMn(II) [e.g.,Hall
et al., 1974; Granwehr et al., 2004]. The paramag-
netic signals will not be discussed further.

[24] Considering that magnetite can occur in dif-
ferent geometrical configurations, all of which
contribute to the FMR absorption, a spectral sepa-
ration is applied. For simplification, two config-
urations are assumed to occur in the natural bulk
material. One contains magnetite particles that are
aligned in linear chains, and the other consists of
magnetite and/or maghemite particles that occur
in other than one‐dimensional arrangement. The
spectral responses of the two configurations are
distinguishable by means of geff and A values
[Vastyn et al., 1962;Kopp et al., 2006; Fischer et al.,

Figure 4. FMR signal obtained at 300 K (red) and 100 K (blue) for sample 237. The spectrum for nonaligned par-
ticles was modeled using the derivative of a lognormal distribution of particle volumes. After subtraction of the log-
normal distribution from the measured spectrum, the residual is characteristic of linear aligned particles as expected
for intact magnetofossil chains.
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2008]. For nonaligned particles, the derivative of a
lognormal spectrum for particle volume was taken
with geff = 2.2, A ≈ 1.1, DB ≈ 120 mT and a signal
intensity adjusted to the measured spectrum [Vastyn
et al., 1962; Gehring et al., 2011]. Subtraction of
this contribution yields the second population with
geff = 1.88 and A ≈ 0.4. To our knowledge values
of geff < 2 for single‐domain magnetite has been
reported only for intact magnetosome chains [Weiss
et al., 2004; Kopp et al., 2006]. The FMR signals at
100 K and at room temperature is similar, therefore
the parameterization for nonaligned particles was
adopted with Bres = 300 mT and a corresponding
geff = 2.3. The remaining signal has geff = 1.91 and
A ≈ 0.5.

4. Discussion

[25] All magnetic measurements clearly indicate
that the sediment samples are magnetically domi-
nated by magnetite particles in a stable single‐
domain state. The occurrence of such a narrow
distribution of particle size in a closed limnological
system, such as Soppensee, suggests biologically‐
controlled magnetite formation. FORC diagrams
contain evidence of two magnetic populations,
which differ in their Bc distribution and in their
interaction field distribution. The population
forming the central ridge with Bb,1/2 around zero
represents magnetically isolated switching units.

These units can be well‐dispersed individual par-
ticles or one‐dimensional assemblies of particles,
such as linear chains of magnetosomes. In the latter
case, the particles have a strong dipolar coupling
along the chain axis and undergo magnetization
switching at a single switching field. In order for
linear magnetosome chains to contribute to the cen-
tral ridge, they must be well dispersed in the sedi-
ment. Otherwise, magnetic interactions with chains
nearby will introduce a bias toward lower or higher
switching fields. Compared to nonaligned particles,
chain configurations generally have enhanced Bc

due to the interaction‐induced uniaxial anisotropy
[Jacobs and Bean, 1955; Penninga et al., 1995;
Hanzlik et al., 2002]. The second population, whose
magnetic contribution is approximately the same
as for the noninteracting population according to
ICR, is characterized by a continuous distribution of
interaction fields, which indicates aggregations of
chains or to clusters of particles with isotropic inter-
actions. It has been shown that clustering increases
Bb,1/2 and reduce Bc for a given intrinsic micro-
coercivity [Wohlfarth, 1958; Pike et al., 1999; Egli,
2006]. As seen in Figure 3b, the second population
has a vertical spread of about 10 mT and a maxi-
mum Bc that is about 10 mT lower than the maxi-
mum Bc of the central ridge (Figure 3c).We surmise
that both magnetic populations have roughly simi-
lar distributions of intrinsic microcoercivities, or,
in other words, both populations consist of similar

Figure 5. Schematic comparison of the diagnostic capability of FORC and FMR for identifying the presence of
magnetofossils in sediments. (a) Typical FMR spectra for linear magnetite chain assemblies are related to (b) the cen-
tral ridge of the FORC function. (c) The FMR signal for aggregates of magnetofossils with a lognormal distribution of
particle volumes is related to the continuous background signal remaining after subtraction of the central ridge in the
FORC diagram. (d) Here the upper domain (Bb > 0) contains the pure background signal, whereas the lower domain
(Bb < 0) contains the pure background signal plus contributions from reversible processes related to interacting single‐
domain switching units as, for example, the coherent blue (negative) region in the lower left [cf. Newell, 2005].
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particles, but reflect two distinctly different geo-
metric arrangements or degrees of dispersion. Given
the biologically‐controlled origin of the magnetite
in these lake sediments, it is likely that this mag-
netically interacting component represents col-
lapsed magnetosome chains (Figures 5b and 5d).
Kobayashi et al. [2006] also showed that coercivity
is reduced as linear chain structure is disrupted.

[26] The Wohlfarth‐Cisowski test with an RIRM

value of 0.48 suggests that interactions in the
sample are negligible altogether [Wohlfarth, 1958;
Cisowski, 1981], although a population of particles
with interactions is evident in the FORC diagrams.
This discrepancy may arise because Bc in the
FORC measurements is more sensitive to interact-
ing single‐domain grains than the MDFIRM used in
the Wohlfarth‐Cisowski test, which is a nonlinear
parameter of the interaction strength.

[27] FMR can be used to distinguish magnetite
particle configurations based on their anisotropy
properties. It is well known that intact MTB have
two characteristic FMR absorption peaks, a low‐
field peak, which is due to chains that are oriented
parallel to the external field, and a peak at g ≈ 2,
which is due to chains that are oriented perpen-
dicular to the external field [Kopp et al., 2006;
Charilaou et al., 2011]. A similar pattern is
obtained by subtracting the derivative of a lognor-
mal curve from the measured spectrum (Figure 4).
It can be postulated that the residual FMR signal,
which consists of two low‐field absorption peaks
(Figure 5a) and the central ridge in the FORC
diagram (Figure 5b) both originate from the same
particle population, i.e., from intact magnetosome
chains. On the other hand, the lognormal curve in
the FMR analysis represents nonaligned particles
clustered in the sediment matrix (Figure 5c). In
contrast to aligned particles, clustered particles are
characterized in the FORC diagram by a relatively
narrow Bc distribution and relatively higher Bb,1/2

(Figure 5d). We interpret the clustered particles in
these sediments as collapsed magnetosome chains.

[28] Theoretically, it is also possible to produce the
coercivity distributions of the noninteracting uni-
axial component with well‐dispersed (noninteract-
ing) elongated magnetite or maghemite particles
with relatively narrow distributions of axial ratios
(e.g., 1.3 to 1.8). No natural inorganic process is
known, however, to produce particle chains with a
narrow distribution of grain size and grain shape,
and with consistent crystallographic orientation
along the chain axis. The characteristic [111]

alignment within magnetite‐magnetosome chains
[Mann et al., 1987; Buseck et al., 2001; Lins et al.,
2005; Abracado et al., 2010] is required to produce
the observed FMR spectra [Charilaou et al., 2011].
This strongly supports the interpretation that the
magnetic particle population that gives rise to the
central ridge in the FORC diagram arises from
magnetosomes in a linear configuration. While
most species of MTB construct chains with one
string of magnetosomes, there are species that
construct double or multiple chain structures, in
which magnetic switching does not happen in a
single step [Penninga et al., 1995; Hanzlik et al.,
2002]. How these complicated switching processes
manifest themselves in FORC diagrams remains to
be studied. Even though the combined FORC and
FMR method enables identification of magneto-
some chains, it is not possible to differentiate
whether the chains consist of one string or of mul-
tiple strings.

5. Conclusions

[29] The essential requirement for unambiguous
detection of magnetofossils is the preservation of
magnetosomes in chains. Preservation of such
assemblies in the geological record is critically
affected by the decay of cellular matter, which can
lead to chain collapse. In natural systems, magne-
tite particles occur generally in different geometri-
cal configurations, which can obscure the signature
of chain assemblies. As we have shown, this prob-
lem can be overcome by employing both FORC
and FMR methods in combination. These techni-
ques complement each other by capitalizing on
their ability to distinguish coercivity and anisotropy
effects, respectively. Application of these methods
in connection to Holocene lake sediments demon-
strates that FORC diagrams are capable of distin-
guishing different magnetite configurations with
distinct bias field resolved coercivity spectra, i.e.,
interacting (clusters of magnetic particles) and
noninteracting switching units (e.g., chains). FMR
spectroscopy differentiates anisotropy properties,
i.e., aligned and nonaligned particle configurations.
Combining the two kinds of information permits
assignment of physical properties to chain config-
urations, which is compatible with MTB and their
fossil remains. The proposed combined approach is
an avenue for more advanced detection of magne-
tofossils and their distribution in natural materials
in the geological record.
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