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Obtaining an estimate of the relative proportion of superparamagnetic (SP) to stable single-
domain (SSD) particle sizes in a material can be useful in evaluating environmental
conditions in natural materials, or in understanding the homogeneity of particle size
and the degree of agglomeration in synthesized particles. Frequency dependent
magnetic susceptibility is one of the most common methods used to identify SP
particles in a material. The ability to detect SP particles, however, will be dependent on
the field frequencies that can be applied. This study is concerned with evaluating three
methods to estimate the SP content in a mixture of SSD and SP magnetite. We examine
the use of the Day-Dunlop plot, first-order reversal curves (FORC) and principal component
analysis (PCA), and the relationship between the reversible and irreversible magnetization
as methods to evaluate qualitatively the relative contributions of SSD and SP magnetitein a
material. Two series of mixtures of coated nanoparticles with a mean diameter of 20 and
11 nm are used as the SP end member and magnetosomes or intact magnetotactic
bacterium of Magnetospirillum gryphiswaldense as the SSD end member. The Day-
Dunlop plot tracks the progressive change in hysteresis properties with growing SP
concentration. PCA of FORC data is sensitive in detecting differences in the SP
component, when the SP particle size are not too small; otherwise the ratio between
the reversible and irreversible magnetization can better assess differences. The results
from the series are used to evaluate the relative SP content in three further sets of samples:
biological tissue, synthetic nanoparticles, and samples from natural environments, to
assess the strengths and weaknesses in each approach.

Keywords: magnetite, superparamagnetic-single domain mixtures, Day-Dunlop plot, FORC- PCA analysis,
reversible-irreversible magnetization

INTRODUCTION

Hysteresis properties are often the most common parameters that are used for assessing composition,
domain state, or particles size of ferromagnetic minerals in geological materials (Day et al., 1977;
Dekkers, 1988; Heider, 1988; Geiss et al., 1996; Heider et al., 1996; Dunlop, 2002; Roberts et al., 2018),
biological samples (Moskowitz et al., 1993; Brem et al., 2006), and synthesized magnetic particles
(Sotiriou et al., 2011; Widdrat et al., 2014; Starsich et al., 2016; Crippa et al., 2017). Geological
materials, in particular, can contain varying proportions of different ferromagnetic minerals, or in
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the case of only a single magnetic phase, a spectrum of particle
sizes. Further aggregation of synthetic nanoparticles can also
produce a spectrum of effective or apparent particle sizes (Hirt
et al., 2017).

In this study we are interested specifically in mixtures of stable
single domain (SSD) and superparamagnetic (SP) magnetite.
Mixtures of SSD and SP magnetite are of particular interest in
environmental, biological and material studies. The ability to
estimate the size distribution of magnetite can be important in
environmental studies, because it is indicative of geochemical
processes that can lead to authigenic growth of new magnetite
from a precursor phase or chemical reduction of an existing
magnetite. Biological magnetite in bacteria often consists of a
range of particle sizes in the SP to SSD range (Faivre and Schuler,
2008; Katzmann et al., 2013; Jacob and Suthindhiran, 2016), and
understanding variations in size distribution can provide insight
into the provenance or fate after the bacteria die and
magnetosomes are deposited in a sediment. A further
biological application is associated with  magnetite
nanoparticles that are either introduced into human or animal
tissue through inhalation (Maher et al, 2016; Calderon-
Garciduenas et al., 2019), or through biochemical processes
associated with an imbalance of iron in the body (Dobson,
2004; Beyhum et al., 2005; Hosking et al., 2018). In these cases
the particle size of iron oxides may be important in assessing
potential health hazards. Information on particle size spectrum is
particularly important in the application of magnetic
nanoparticles for medical therapeutics, because the magnetic
properties need to be tailored to provide the best response for
a specific application. For example, in hyperthermia treatment of
cancer cells, the heating response of magnetic nanoparticles will
be related to their ability to respond to an alternating field to
generate heat (Crippa et al., 2017; Starsich et al., 2018).

Different magnetic methods are available to assess whether a
material contains SP ferromagnetic particles. The most definitive
methods involve measuring induced magnetization, particularly
AC susceptibility, as a function of temperature, which indicates at
what temperature the particles undergo blocking. If, however, one
is limited to instruments that only measure at room temperature,
then one of the most common methods, which is used to indicate
the presence of SP ferromagnetic particles, is frequency
dependent susceptibility. The method became popular in
environmental magnetic studies with the introduction of the
Bartington Instruments MS2 susceptibility meter, which offers
application of two different AC fields, i.e., 470 and 4,700 Hz
(Dearing et al., 1996). Later AGICO introduced a susceptibility
bridge that offered measurement in three different frequencies,
976, 3,904, and 15,606 Hz. Hrouda (2011) has provided a detailed
discussion of the many factors that will influence whether a
significant frequency dependence in susceptibility can be
measured. This includes the strength of the contribution from
diamagnetic, paramagnetic and even multi-domain (MD)
ferrimagnetic fractions to the bulk susceptibility, and the
particle size distribution of the SP fraction. Anisotropy factors
and saturation magnetization, however, can also play a role in
modeling the degree of frequency dependence as a function of
particle size. Hrouda (2011) demonstrates that in the case of
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magnetite or maghaemite only a relatively narrow range of
particle sizes contribute to the frequency dependent
susceptibility, i.e., only magnetite particles with a diameter
between 16.05-16.73nm when using F1 (976 Hz) and F3
(15616 Hz) on an Agico susceptibility —bridge, or
16.64-17.68 nm when using the Bartington susceptibility meter
with frequencies of 470-4,700 Hz. This means that frequency
dependent susceptibility may not detect a significant portion of
SP particles, if the particle diameters lie outside these ranges.

Other methods to detect the presence of SP particles include
measurement of hysteresis loops or first-order reversal curves.
Tauxe et al. (1996) simulated hysteresis loops for mixtures of SSD
and SP magnetite, using a Langevin function. They showed that
models predict wasp-waisted hysteresis curves and pot-bellied
loops in such mixtures depending on their relative contributions
to magnetization. Dunlop (2002) illustrated how hysteresis
parameters will be influenced by mixtures of SP magnetite of
different sizes and SSD magnetite. Later studies demonstrated
that the thermal relaxation of the SP particles was not considered
in this study and that SSD-SP mixtures would lead to mixing
curves that have lower than predicted coercivity ratios (Lanci and
Kent, 2003; Heslop, 2005). Two studies on artificial mixtures of
SSD and SP magnetite illustrated that the ratio between
saturation  remanent  magnetization and  saturation
magnetization (Mgs/Ms) decreases significantly with the
addition of SP material and coercivity ratios lower than
predicted by Dunlop (2002), which would be expected because
SP particles do not carry a remanent magnetization (Dunlop and
Carter-Stiglitz, 2006; Kumari et al., 2015). In the past several
years, Lascu et al. (2015) and later Harrison et al. (2018)
introduced a method to perform principal component
analysis (PCA) on first order reversal curves (FORC) data
(FORCem) to unravel mixtures of phases with contrasting
magnetic properties, including domain state, and/or
composition. The method was applied to different
combinations of synthetic binary mixtures of multi-domain
(MD), vortex state (V), SSD and SP magnetite, or SSD and SP
greigite. Liu et al. (2019) demonstrated how PCA of FORC data
could be used to unravel mixtures of SSD magnetite and
hematite.

We evaluate methods that can be used to obtain a qualitative
estimate for the concentration of SP and SSD particles of
magnetite in a mixed system at room temperature. For this
purpose, we focus on the Day-Dunlop plot, FORC-PCA, and
the relative contributions of the reversible and irreversible
magnetizations (Kumari et al., 2014). Two SSD-SP mixing
series are compared, in which the SP component of one
series has 20 nm average particle size and the second series
has ca. 11nm. Results from three further data sets are
compared to these mixtures series. They include geological
samples, brain tissue samples, and synthetic SP magnetite. This
evaluation should provide insight into which methods are most
suitable for discerning relative concentration of SP in mixtures
with SSD ferrimagnetic phases. We further highlight the
limitations of the methods, particularly when analyzing
natural samples that may not meet the assumptions of non-
interacting, pure magnetite.
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MATERIALS AND METHODS
SSD-SP Sample Mixtures

The SSD end member of the first mixing series uses the
magnetosomes from M. gryphiswaldense, which have been
described by Lohsse et al. (2016). The magnetosomes are
covered with a lipid shell, which prevents oxidation, and have
an average particle size of 37.8 + 11.0 nm. The SP end member is a
synthetically produced magnetite with an average particle size of
20.2 + 1.6 nm that was coated with PV A-catechol (Crippa et al.,
2019). When preparing the SP end member, the colloid sample
was first placed into an ultrasound cleaner for 1 min to distribute
the particles evenly in the water base before pipetting. For the
pure SP end member sample, 20 pl was pipetted onto a small
piece of sterile cotton wool within a quartz glass cylinder with
5 mm diameter (3 mm inner diameter) and ca. 10 mm length; one
end was sealed with non-magnetic epoxy. The sample was left to
dry 24 h in a refrigerator before it was measured. The SSD end
member was pipetted from the magnetosome colloid into a
quartz glass cylinder with a 5mm diameter (3 mm inner
diameter) and 11 mm length. The sample holder was placed
on a magnet and excess water was pipetted from the sample.
This process was repeated several times before the samples were
left for 24 h in a refrigerator. The starting mass of the SSD end
member was 0.46 mg. This SSD sample was then used for the
mixing series. Initially one drop of SP colloid, which contains a
0.047 mg of the pure SP particles, was pipetted into the holder.
N.B., the mass includes the PVA coating, but its contribution to
the total mass will be very small. A small piece of sterile cotton
wool was added to adsorb the liquid and fix the particles before
measurement. Subsequently nine further increments of SP
magnetite were added to the holder, following the same
procedure. This gave a total of 10 mixtures with the SP
contribution varying between 9 and 91 wt%, in addition to the
0 and 100% end members.

The second mixing series consists of samples that were used in
a study of SSD-SP mixtures with respect to the Day-Dunlop plot
(Kumari et al., 2015). This study reported on the change in Mg/
Mg against the ratio of remanent coercivity to coercivity (Bcr/Bc)
with an increase in the concentration of the SP end member. The
SSD end member is the same as in the first series, M.
gryphiswaldense, except that the magnetosomes are still in
chain configuration within the bacteria. The average size of
the magnetosomes is 35 + 10 nm. The SP end member is a
ferrofluid, FluidMAG-D (Chemicell GmbH, Art. No. 4101-1 and
4101-5). The sample is made up of small crystallites on the order
of 6 nm that form clusters on the order of 10-12 nm. The end
members were pipetted into quartz glass holder with a small
amount of sterile cotton wool, as described above. Note that the
total mass was not recorded. A small amount of the SP samples
was added incrementally to the SSD end member, and the sample
was left to dry in a refrigerator after each addition for at least 5 h.

Other Samples
A selection of samples was chosen, in which magnetite/
maghaemite are the only magnetic phases, to compare with
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the results from the synthetic mixing series, in order to have a
qualitative evaluation of the content of SP magnetite. The
samples can be divided into three groups. The first set consists
of geological samples and include a sample from the Tiva
Canyon Tuff (55 m above base), which is predominantly SP
(Till et al., 2011), and three samples from lakes. The lake
samples include a sample from the Schwarzsee ob Solden
(SOS-P1-059) (Ilyashuk et al., 2011), one sample from Lake
Merlingsdals from Southern Norway (OP18) (Storen et al.,
2016), and a sediment sample from Lake Baldegg, Switzerland
(BA10-05), which is above the redox boundary (Egli, 2003;
Egli, 2004a; Egli, 2004b). The second set of samples are
biological tissues. Samples GS, HH, HM, SC, and LH are
human brain tissue, which were resected from humans who
suffer from epilepsy. GS and HH are from the hippocampus,
HA and HM are from meningioma (Brem, 2006; Brem et al,,
2006), SC is from an oligodendroglioma, and LH from a
glioblastoma (Blaser, 2008). The third set of samples are
magnetic nanoparticles. AF23 was fabricated by A. Finke
and FCA35 was synthesized by F. Crippa at the Adolphe
Merkel Institute, Fribourg, Switzerland (Crippa et al,
2019). Sample XL is from FeraSpinXL, which is the large
particle fraction of FeraSpin R (NanoPet, Berlin, Germany)
(Hirt et al, 2017). VR4 and VR 8 are mesocrystals of
magnetite (Reichel et al., 2017). We note that the condition
of non-interaction is not met in all of these samples, and the
effect that this has will be discussed.

Magnetic Methods

Magnetic susceptibility was measured with an AGICO MFK-1A

susceptibility bridge in two frequencies, 976 and 15,616 Hz to

determine the frequency dependent susceptibility. The

percentage of frequency dependent susceptibility is defined as:
Yo = Xoze vz ~ Xissi vz 10007

Xo76 Hz

A Princeton Measurements Corporation (PMC) vibrating
sample magnetometer (VSM), with a sensitivity level of 4 X
10~ Am? (standard deviation) was used for measurement of
magnetization as a function of field (hysteresis loops) and FORC
analysis. For the SSD-SP mixing series the magnetization was
measured using 100 ms averaging time to obtain Mg, Mgs, and
Bc. A multi-segment measurement scheme was used for field
application with 0.5 mT steps in fields < +98, 2 mT between +100
to +200 and 5mT in fields between +205 to +1,000 mT. The
magnetization curve was measured for all holders with any fixing
material, such as sterile cotton, before adding the sample, in
order to remove its contribution to the total magnetization. All
holder signals were diamagnetic. Back-field demagnetization was
used to obtain Bcgr. Samples were first magnetized in 1,000 mT in
one direction so that the samples acquire an isothermal
remanent magnetization (IRM) and then incrementally
remagnetized in the opposite direction, using 6 mT field
increment in the first series and a 10 mT increment in the
second series; 100 ms averaging time was employed in both
series. FORC measurements of both mixing series used a
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magnetosomes from M. gryphiswaldense (N.B., no correction for high-field slope is required); and (B) the SP synthetic magnetite (20 nm). Note dotted line shows
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saturation field of 1,000 mT. For the first series a measurement
increment of 1.54 mT, Bcp.x of 100 mT, By of 80 mT was
applied and 190 individual FORCs were measured. In the
second series, a measurement increment of 1.54 mT, Bcpax Of
100 mT, By of 60 mT was applied and 180 individual FORCs
were measured. The magnetic properties from the hysteresis and
FORC measurements are summarized in Supplementary Tables
S1, S2 for the two SSD-SP mixing series. The parameters for the
FORC measurements are variable for the geological, biological
tissue, and material samples, because these samples were
measured over the past 15years; the parameters are
summarized in Supplementary Tables S3-S5 together with
their magnetic properties. All measurements were made at the
Laboratory of Natural Magnetism, ETH Zurich, Switzerland.
FORC data were processed using FORCinel (v. 3.03) (Harrison
and Feinberg, 2008; Egli, 2013; Lascu et al., 2015; Harrison et al.,
2018) and principal component analysis (PCA) of the FORC
data were made with FORCinel (v3.05) (Harrison et al., 2018). A
smoothing factor (SF) of four and six are used for the first SSD-

SP mixing series to examine the effect of the smoothing factor on
the PCA scores. Note that this SF is for the smoothing of the
central ridge and vertical ridge; a higher smoothing factor of
seven was employed for the horizontal and vertical smoothing.
In the second series, SF = 4 is used to compare with the first
series. A SF = 6 is used for the other sample sets to accommodate
the SP end member, and in the case of the biological samples, the
very weak magnetization. These are then compared to the first
mixing series that was processed with SF = 6. The projection of
the PCA scores of these other data sets onto Series 1 was
performed with MatLab, using the matrices that were
calculated for each set of samples with the FORCem package
in FORCinel, with a PCA grid of 1.54 mT (Supplementary Data
Sheet S1.1). A MatLab code for processing the FORC data,
UNIFORC (Winklhofer et al., 2008), was used to obtain the
reversible and irreversible contribution to the magnetic
hysteresis. This can be expressed as a ratio in the peak in
OM,,/OB to OMj,,.,/OB, which we refer to as M;ey/Misrey in
the following.
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RESULTS

SSD-SP End Members

The SSD and SP end members for both series had Xgp < 0.3%.
This would be expected for the SSD end members, but it indicates
that the two SP end members are in a size range which would not
be detected.

Other magnetic properties of the end members of Series 1
are summarized in Figure 1. The hysteresis loop for the SSD
end member is open with B¢ = 16.3 mT and the magnetization
reaching saturation by 220 mT (Figure 1A). Mps/Mg is 0.40.
The isothermal remanent magnetization (IRM) is saturated by
150 mT and Bcr = 21 mT, which gives Ber/Be = 1.30. The
values of Mrs/Ms and Bcr/Bc are close to expected SSD
behaviour, which are Mgyg/Mg = 0.5 and Bgr/Be = 1.5
(Dunlop, 2002), and the slight deviation may be due to the
presence of some magnetosomes that are in the SP size range or
magnetostatic interaction between magnetosomes, which
would lower the magnetization ratio (Muxworthy et al,
2003). The FORC diagram shows a narrow, slightly
elongated coercivity distribution with a peak around
20.3 mT and a half-width of the interaction field, By, =
4.7 mT (Figure 1A). The narrow distribution in interaction
field indicates that magnetic interaction between the
magnetosomes is minimal. This is further supported by the
pronounced negative region in the negative interaction fields
at low coercivity (Newell, 2005).

The hysteresis loop of the SP end member is closed and not
saturated at 1 T (Figure 1B). The lack of saturation is due to
poorly crystalline Fe phases that are in the colloid solution We
correct this component for the high-field slope which will lead to
an overcorrection for M. The overcorrection should not be large,
because of the 20 nm particle size and a measurement averaging
time of 100 ms. A weak IRM is detectable, but it is relaxing on the
scale of the measurement as seen by the positive slope of the
acquired remanence in high fields. The FORC distribution is
centered at the origin of the diagram with a slight positive shift
along the interaction axis (Figure 1B), as predicted by Pike et al.
(2001).

SSD-SP Mixing Series

Because the SP end member does not carry a remanent
magnetization, Mgs is used to monitor that the magnetic
properties of the SSD end member is not changing with each
addition of the SP end member. Mgg remains relatively constant
until the SP contribution reaches 83% in the first mixing series,
and its contribution dominates the overall magnetic properties,
i.e., wasp-waisting of the loop becomes prominent. In the second
series Mpgs remains relatively constant for all increments,
although there is no direct control over the amount of the SP
material in the sample (Supplementary Figure S1).

The hysteresis loops for the samples in Series 1 illustrate that
the magnetization is saturated by 300 mT (Supplementary
Figure S2A). A gradual increase in wasp-waisting is seen,
starting with 19% SP component that remains up to 91%
(Supplementary Figure S3). For Series 2 only the
magnetization of the SSD end member (sample one) and
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FIGURE 2 | Day-Dunlop plot for both mixing series, in which the
percentage refers to the total the SD end member in terms of total weight for
the mixture Series 1. Note: we take the hysteresis parameters from the FORC
measurements so that we compare Series 1 with Series 2 (cf.
Supplementary Tables S1, S2). Gray lines show the SSD-SP mixing lines for
10, 15, and 20 nm particles taken from Dunlop (2002).

sample two are saturated by 300 mT (Supplementary Figure
S$2B); the other samples of the series show an approach to
saturation. This will lead to an overcorrection for Mg, but the
effect is on the order of a few percent (Kumari et al., 2015).
Obvious wasp-waisting is not seen in Series 2, but there is a
narrowing of the loop with each addition of the SP end-member
(Supplementary Figure S4). The change in magnetic properties
of both series can be compared by the change in Mrg/Mg and B¢cg/
B¢ (Figure 2). There is a steady decrease in the magnetization
ratio and increase in the coercivity ratio in both series. Series 1
plots left of Series 2 because of the larger size of the SP end
member. The SP end member of Series 1, has a lower coercivity
ratio than the second series, because the 20 nm core size allows for
the measurement of Bcr from the magnetization that has not
completely relaxed when the field is removed during the FORC
measurement. Note that both series show lower coercivity ratios,
i.e, lie to the left, of the theoretical curves from Dunlop (2002).

FORC diagrams show the gradual shift of the FORC
distribution toward the origin with an increasing contribution
of the SP component in Series 1 (Supplementary Figure $3). This
is best seen in the coercivity profile with the growth of the peak at
the origin. It is also reflected by an increase in the contribution of
reversible component of the total magnetization at the expense of
the irreversible contribution. Analysing the FORC data with PCA
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FIGURE 3 | Binary PCA analysis from FORC data for (A) Series 1 with SF = 4; and (B) Series 1 with SF = 6 with FORC diagrams for end members (white circles) (C)
Series 2 projected onto Series 1 with SF = 4; note that the FORC diagrams illustrate the predicted FORCs from the FORCem program for the extreme samples in the MK
series (red circles). PCA grid is 1.54 mT in all PCA plots. Numbers refer to percentage of SP particles in (A) and (B), and sample number in (C).

analysis using SF = 4, PC1 explains 85% of the variability, i.e., the = magnetite, and the PC1 score changes systematically with the
relative concentration of the SSD and SP end members. The end  relative change in the two end members (Figure 3A). The PCA
members (EM) are clearly related to SSD (EM1) and SP (EM2) approach reproduces the FORC diagram of SSD magnetite, but
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FIGURE 4 | Change in M,e,/Mirev as a function of B¢ for Series 1 and 2
illustrating the progression from the SSD end members to SP end members.
Percentages refer to SP% in Series 1 and numbers refer to sample number in
Series 2.

indicates a notable SP contribution, which is not as strongly
expressed in the FORC diagrams (Supplementary Figure S3A).
The FORC diagram for the SP end member also captures the
main coercivity feature at the origin of the diagram, and shows
the upward shift along the interaction field axis. The PCA
analysis, however, also shows a very small SSD contribution
(Supplementary Table S6). Using a higher smoothing factor
leads to a narrower range in the PC1 score, which explains 92% of
the variance. The PC1 score for the SP end member shifts closer
to the sample with 91% SP-content (9% SSD concentration). The
calculated FORC diagrams are similar to those described for SF =
4, but the SP contribution for EM1 and the SSD contribution to
EM2 are more pronounced (Figure 3B; Supplementary
Table S6).

Figure 3C shows the PC1 scores of the second series that are
projected on the PC1 scores of the first series. There is a gradual
shift in the PC1 score from the SSD end member to the SP end
member of Series 2 (Figure 3C). The SSD end member has lies
near an SSD contribution of ca. 86%, and the last SSD-SP sample,
i.e., the sample with the highest SP component, lies close to the
50% SSD contribution of Series 1. The FORC diagram, which is
calculated for the SSD end member, indicates a more prominent
SP contribution than found in the measured FORC diagram
(Supplementary Figure S4A). The PCA analysis, however,
reproduces the FORC diagram for sample 17 (Supplementary
Figure S4N). It is interesting that the SP end member of Series 2,
shows a lower SP contribution than sample 17, which suggest that
the PCA analysis cannot adequately resolve the contribution of
these particles with faster relaxation time.

Estimating SP-SSD Particle Concentration

If we process the two sets of data together and use a PCA
model that includes three end members, the third end member
corresponds to a SSD assemblage, for the chains of magnetite.
The second series shows a distinct separate progression in
comparison to the first model (Supplementary Figures
S5A,B). The calculated FORC diagram for the SSD end
member of Series 2 (EM3) has a narrower distribution in
interaction field (B,), compared to Series 1. The calculated
FORC for the SSD sample of Series 1, however, better
resembles the measured FORC (cf., Supplementary Figures
S3A, S5A).

The third method that we apply is to observe the change in
M;ev/Miprey as a function of Be. If we assume that the SSD end
member is made up of non-interacting, SSD magnetite and is
controlled by shape anisotropy, then the irreversible contribution
of magnetization should be 50% of the reversible contribution,
and the ratio between the two would be 0.50 (Dunlop and
Ozdemir, 1997). For this reason the SP content should be
reflected in the relative reversible contribution to magnetic
hysteresis (Kumari et al., 2014). Figure 4 illustrates the change
in ratio of the reversible to irreversible magnetization (M,e,/
Miirev)- The coercivity of the SSD end member in Series 2 is lower
than Series 1, which leads to a slight shift in the two curves. M,/
M, ey is <0.5 for the SSD end member of Series 1, which indicates
that the sample does not meet the assumptions completely. This
point is considered further in the discussion. As the contribution
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of M., to the total magnetization increases, B¢ decreases as
would be expected from what is observed in the Day-Dunlop plot.

Geological, Biological, and Material

Samples

In order to investigate how applicable these methods may be in
relation to natural or synthetic samples for which there is no
information on the relative amounts of SP and SSD magnetite, we
examine three sets of samples that have magnetite as the sole, or
in some cases dominant, ferromagnetic phase. The first set
include geological samples, the second are brain or brain
tumour tissue from humans, and the third are synthesized
magnetite. Samples from the three sets show narrow hysteresis
loops that saturate in low fields (Supplementary Figures S6-S8).
No obvious wasp-waisting was noted in any of the samples. The
geological and biological samples show a range of magnetization
and coercivity ratios when viewed on a Day-Dunlop plot
(Figure 5). The lacustrine sediment and most of the brain
tissue have open hysteresis loops, except for LH and SC,
which have very narrow loops, and Tiva Canyon Tuff appears
closed (Supplementary Figures S6, S7). Most of the geological
and biological samples align close to Series 2. The synthetic
samples show closed loops in the case of XL, AF23 and
FCA35-250, but open loops for VR4, VRS, and FCA35-50
(Supplementary Figure S8). On the Day-Dunlop plot the
synthetic samples show more deviation with respect to either
series.

The lacustrine sediments for SOSP1-059, OP18, and BA10-05
have FORC diagrams that have elongated, narrow FORC
distributions (Supplementary Figure S6), similar to the FORC
diagrams of magnetotactic bacteria (cf., Supplementary Figures
83, S4). OP18, however also shows a secondary feature between
ca. 20 and 30 mT with a broad distribution in By. This feature is
common for magnetotactic bacteria in which magnetosomes
cluster, due to disintegration of chains once the bacteria die
(Kind et al., 2011). The FORC diagrams of the biological samples
are characterized by distributions that lie close to the origin, with
a SSD-like distribution for HAl to more SP-like FORC
distributions for SC, and LH (Supplementary Figure S7).
Sample HA and GS have broader distributions in By
compared to other samples. The Wohlfarth ratio for these
samples is approximately 0.30 + 0.05 (Brem et al, 2006),
which indicates that there is interaction between the particles.
In the material samples, the FORC diagrams for samples XL,
AF23, and FCA35-250 show a confined distribution at the origin
with an upward shift, indicative of the SP behaviour
(Supplementary Figure S8). Samples VR4 and VR8 also have
FORC distributions that are also close to the origin, but show a
broader coercivity distribution. FCA35-50 has a FORC
distribution that is away from the origin, indicating that the
particles are magnetically blocked (Supplementary Figure S8).

PCA analysis was carried out on each set of samples and the
PCA scores of each set projected onto the PCA scores of Series 1,
which was processed with SF = 6. For the geological sample, the
lacustrine samples, in which magnetite is bacterial, have a PC1
score are close to the sample with a 76-83% SSD concentration

Estimating SP-SSD Particle Concentration

when projected on Series 1 (Figure 6A). Only the sample from
the Tiva Canyon Tuff shows a higher contribution (ca. 50%) from
the SP end member. The biological samples show PC1 scores that
are similar to each other, lying between ca. 74 and 80%
concentration of the SSD EM (Figure 6B). HA1 shows the
strongest SSD contribution and LH the lowest, although
differences between the samples is small (Figure 6B). The
material set of samples shows more of a spread in PC1 scores,
compared to the other two sample sets. XL lies beyond the SP end
member of Series 1, and FCA35-50 lies nearest to the SSD end
member (Figure 6C). The other samples are clustered between
the Series 1 samples with 45-66% SSD content. A comparison of
FCA35-250 and FCA35-50 illustrates a significant shift that
occurs at lower temperature as the magnetic particles have
undergone blocking.

Plotting M,,/Mjrey as a function B¢, shows that the geological
set of samples follows the progression of Series 1 but is shifted
toward higher B¢ (Figure 7). The lacustrine samples cluster
around the sample with 76% SSD concentration. The Tiva
Canyon Tuff sample has a higher ratio that agrees with a
higher concentration of SP magnetite. The biological samples
lie close to Series 1 for the lowest values of M,.,/Mjrey» but then
plot along the progression for the geological samples (Figure 7).
M, ev/Mirrey falls below 0.5 for the two human brain samples that
had Wohlfarth ratios around 0.3. Most of the material samples
are also close to the progression found for Series 2, although with
a shift to lower Bc. Only FCA35-50 is shifted to a higher
coercivity.

DISCUSSION

The two sets of SSD-SP mixtures show similarities in their change
in magnetic properties that would be expected with an addition of
a second phase that is ferromagnetic, but which carries “no”
remanent magnetization. The difference between the two series
arises largely from the difference in the core size of the SP end
member, with 20 nm in Series 1 and ca. 11 nm in Series 2.
Considering that the hysteresis and FORC measurements were
made using an averaging time of 100 ms, this would mean that the
boundary between SP and SSD behaviour for non-interacting
magnetite is around 23 nm. Note the longest averaging time that
was used in the FORC measurements was 300 ms, which would
shift the boundary slightly higher to around 24 nm.

The two SP end members do not show any frequency
dependency with respect to the applied frequencies; therefore,
Xep cannot be used to provide information on the concentration
of SP particles. Our results highlight the limitations of using the
methods due to the frequencies that are available in commercial
instruments.

The hysteresis loops for Series 1 show wasp-waisting with the
addition of the SP end member starting between 9 and 19% SP-
content. Series 2, however, only shows a weak wasp-waisting by
sample 10; what is notable, however, is a narrowing of the
hysteresis loop. This difference reflects probably the more
rapid relaxation of particles in Series 2. The Day-Dunlop plot
is one of the most commonly employed methods to assess particle
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size or domain state of magnetite, based on hysteresis parameters. ~ (1977) noted that if magnetite particles are interacting, this
There is a major concern, which is associated with using  will lower Mgrs/Ms, Bc and Bgp. Muxworthy et al. (2003)
hysteresis properties, to estimate particles size. Day et al.  examined the effect of magnetostatic interactions of hysteresis

Frontiers in Earth Science | www.frontiersin.org 9 February 2021 | Volume 8 | Article 586913


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles#articles

Hirt and Liu

SP2 ‘\
XL :
. ~.~A\." SP1
AF23 @~ ¢ Tiva
10 = i
8 ] ., “‘
63 A W, sc
5 4] FCA35
g -250K A o
2 ¢
: 27 LN
> VR8 A OP18 %@10
1 A 9 44 'sosei
8 3 VR4 L 059
63 LH + 2™ Secass
4 - : Ssb2 W 50K
i --lk- Series 1 HM2t
-4@- Series 2 HA 4 [ SSD1
2+
0.1 -
I T T IIIIIII T T IIIIIII T T IIIIIII T LI
0.01 0.1 1 10
BC
FIGURE 7 | Change in M,,/Miey @s a function of B for the geological,
biological and material samples in relation to Series 1 and 2.

parameters using micromagnetic models, and demonstrated that
the degree to which the parameters will be affected, will be
dependent on particle anisotropies, degree of alignment, and
particle configuration. For magnetite in the SSD range,
magnetostatic interactions can lead to significantly lower
values of Mgs/Ms, B¢ and Beg.

Dunlop (2002) presented a theoretical study in which he
demonstrated how hysteresis parameters will change for SSD-
SP mixtures, for SP particles between 10 and 30 nm. Dunlop and
Carter-Stiglitz (2006) carried out an experimental study on the
hysteresis properties of a mixture of SSD magnetite and a
ferrofluid of SP magnetite, and found that Bcr/Bc was lower
than predicted, which they attributed to interactions. Roberts
et al. (2018), provides a thorough discussion of the weakness of
using this method, where they note, among other points, that
Dunlop (2002) does not consider thermal relaxation in his
mixtures of SSD-SP magnetite, which will have an effect on
the magnetization ratio. When thermal relaxation of the
viscous particle is considered, there is a more rapid drop in
Mpgrs/Ms (Lanci and Kent, 2003; Kumari et al., 2015; Roberts et al.,
2018). This is supported by experimental results (Dunlop-Cater-
Stiglitz, 2006; Kumari et al., 2015).

Figure 2 shows the progression of Mgs/Mg and Bcr/Bc for the
two SSD-SP series. Series 1 has higher coercivity ratios relative to
Series 2, which would be expected due to the larger volume of the
SP particles. How this is reflected in the natural samples or
synthetic magnetic nanoparticles is seen in Figure 5. The
samples from the three sets, which show coercivity ratios that
would require the presence of very fine particles (<10 nm),
according to Dunlop’s (2002) theoretical results. The coercivity
ratios, however, are consistent for a broad particle size spectra in
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the SP range when accounting for thermal relaxation (Lanci and
Kent, 2003). It should also be noted that none of these three sets of
samples show wasp-waisting (Supplementary Figures S6-S8).
Samples AF23 and XL are synthetic nanoparticles with better
constrained particle sizes that are close to the SP-SSD boundary.
These two samples show the lowest magnetization ratios, similar
to what was found in the SP end member of the mixing series. In
summary there is a progression to lower values of Mys/Mg and
higher values of Bcr/Bc with increasing SP concentration, but all
sample sets lie below the theoretical progression that is expected
by only assuming Langevin behaviour.

The FORC diagrams for Series 1 shows a gradual
progression of a FORC distribution from a diagram typical
for SSD magnetite, which lies away from the origin. The first
indication of an SP contribution at the origin of the FORC
diagram is for the sample with 19% SP content, and this
contribution becomes larger successively with each addition
(Supplementary Figure S3). The SP end-member is confined
to the origin with a slight upward shift. The second series only
has a FORC distribution that is typical for magnetotactic
bacteria with a broader coercivity spectrum that extends to
the origin of the plot. There is no noticeable change in the
FORC diagram, other than a gradual decrease in the intensity of
the distribution, until the until 10th addition, when the
hysteresis loop shows a weak wasp-waisting. The SP end
member has only a weak expression at the origin, which
suggests that the FORCs will be less influenced due to the
faster relaxation of the smaller particle diameter in comparison
to the SP end member of Series 1.

PCA analysis of the FORC data provides a more quantitative
way to observe changes. Series 1 shows a regular change in the
PC1 score with each increment (Figure 3; Supplementary Table
$6), and the calculated FORC diagrams of the end members are in
agreement with the FORC diagrams in their major features. If we
compare Series 2 with Series 1, the starting SSD end member has a
notable SP-contribution (86% SSD-concentration). The sample
with the highest SP concentration (sample 17) compares with the
sample with ca. 50% SSD--concentration, but the SP end-member
of Series 2 falls around the 68% concentration of Series 1. The fact
that a higher SSD concentration is predicted for the SP end
member of Series 2 indicates that the PCA cannot properly assess
the SP end member with its fast relaxation. This point is
discussed below.

A comparison of the samples from geological samples
projected onto Series 1 shows that the lacustrine sediments fall
toward an SSD concentration of around 76-83% of Series 1 in
PCA analysis (Figure 6). Bacterial magnetite is thought to be the
main source of magnetite in the samples and this comparable to
the SD end member of Series 2, which is bacterial magnetite. The
Tiva Canyon Tuff sample lies by ca. 50% contribution of SP
particles from Series 1 similar to the higher SP concentration in
Series 2. Note that a largely SP content that was found by Till et al.
(2011) from low temperature blocking in field-cooled and zero-
field-cooled experiments. The biological samples also lie around
an SSD concentration of around 74-80%. Note that all of the
biological samples show an increase in isothermal remanent
magnetization when measured at 77 K (Brem, 2006; Blaser,

Frontiers in Earth Science | www.frontiersin.org

February 2021 | Volume 8 | Article 586913


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles#articles

Hirt and Liu

2008). This confirms that all samples contain a certain amount of
SP magnetite, but it is not possible to determine the
concentration. The synthetic samples show a larger spread in
particle size, which is in agreement to physical measurements.
Samples VR4 and VRS are mesocrystals of magnetite made up of
ca. 9-11 nm crystallites that agglomerate into a single crystal with
45nm diameter. The SP content reflects the remainder of
crystallites or smaller aggregates in the colloidal solution
(Reichel et al., 2017). Sample FCA35 is a synthetic magnetite
with ca. 16 + 1 nm core (pers. comm. F. Crippa). It is SP at room
temperature but undergoes partial blocking at 250 K, where the
PCA analysis suggest that ca. 50% of the magnetization is blocked.
At 50 K, ca. 83% of the magnetization is blocked in comparison to
Series 1. AF23 has a 23 + 1 nm magnetite core (pers. comm. A.
Fink), which is close to the SP-SSD boundary, and the same is
found for XL, whose core diameter is close to being magnetically
ordered at room temperature (Hirt et al., 2017). The two samples,
however, have markedly different PC1 scores. Although it is
difficult to reconcile this difference, it should be noted that
AF23 consists of a single magnetite crystal, whereas XL is a
mesocrystal, i.e., an assemblage of smaller subunits, in which all
have the same crystallographic orientation.

The last method to qualitatively assess the SP contribution to
the magnetization is a comparison of the reversible to
irreversible magnetization. This method assumes that
magnetite is non-interacting as in the case of the Day-
Dunlop plot. Both mixing series show an increase in M.,/
Miyrev With increasing SP concentration. This parameter can be
plotted as a function of B¢, which will decrease as the SP-
content increases. We use a log plot, because the increase in the
ratio is small for low concentrations for the SP end member.
There is a progressive increase in M,e,/Mj;ey accompanied by
the decrease in B¢, which would be expected. The track that the
progression follows will be sensitive to the coercivity of the SSD
end member, i.e., where the progression starts on the plot. This
effect is seen for the lake sediments that have a higher coercivity
than the SSD end member of Series 1, and therefore lie to the
higher coercivity end of Series 1. The size of the SP end member
affects how rapidly M,e,/Mj,,ey Will increase; therefore, higher
M, ey/Mirey Will be reached for lower SP content. Although one
would expect M,e/Mjrey < 0.5 for magnetite that is controlled
by magnetocrystalline anisotropy, it is also found in the
samples for which there is independent evidence for
interaction between particles (Wohlfarth ratios).

Plots of OM,.,/OB and OM;.,/0B are also of value (cf,
Supplementary Figures S3, S4, S6-S8). For Series 1 Mj ey is
characterized by a Gaussian curve. With the first addition of an SP
component, little change is seen in the general shape of the
hysteresis curve, or the FORC diagram, but the Gaussian curve
shows a weak deviation on its flank around 0B = 0. This feature
becomes stronger with each addition of the SP material until two
separate peaks are seen. It is these two distinct coercivity
contributions that lead to wasp-waisting in the hysteresis
curve. Note, in the case of Series 2, however, this secondary
peak is not seen in Mj,rey-

In summary, three methods were evaluated for detecting SP
magnetite in mixtures with SSD magnetite. Both the Day-Dunlop
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plot and M,,/M,ey Will see a progression that is related to the
amount of SP particles in a material. Critical for the progression
in the Day-Dunlop plot is the SP particles size, whereas it is the
coercivity of the SSD end member that will be important for M.,/
M, rev plotted as a function of Bc. Both methods, however, assume
that the magnetite is non-interacting. If interactions occur
between the magnetite particles, then there will be a reduction
in Mgs/Ms, B¢, and By, which would predict falsely a higher SP
concentration. This may not be serious for weak interactions, as
seen in the example of OP 18 compared to SOSP1-059, but would
not be suitable for an assembly of interacting particles. A critical
point is that both approaches are also not applicable if there are
particles that are larger than SSD, which would also contribute to
the reversible magnetization.

FORC analysis and PCA of the FORC measurements is
suitable in detecting SP content, particularly when the SP
particles are near to the SP-SSD boundary. The method loses
its sensitivity when the SP particles are very fine and have short
relaxation times. Fine SP particles will still contribute to the
induced magnetization, which is why they affect hysteresis and
M;ev/Mirrers but will have less of a contribution to the FORC
distribution. The SP concentration, which the PCA analysis
calculates, will be dependent on knowing what the correct end
members are so that they can be fitted. This can often be a limiting
factor, particularly in natural samples that can show variability
within a given locality, and the number of end members may not
be clear. The smoothing factor, which is used to process the
FORGCs, will also play a role in any comparison of FORC results,
therefore all data sets should be processed using the same
smoothing factor.

In addition to problems that will arise if there are particles
that are larger than SSD, or are interacting magnetically, we
extend further caveats with respect to all three approaches.
Firstly, the presence of other mineral phases, e.g., hematite,
will greatly affect hysteresis properties. Mixtures of different
ferromagnetic minerals with different particle sizes will lead
to competing factors, which will not be possible to separate.
Secondly, performing a slope correction could remove part of
the contribution from the superparamagnetic contribution.
Thirdly, averaging time of measurements is another factor
that needs consideration and plays an important role in any
comparison. Samples should only be evaluated if their
measurement has been made using the same averaging
time. Longer averaging time will lead to more relaxation
during a measurement, thus influencing the reversible
magnetization.

We can ask how often one deals with ideal mixtures of SSD-SP
particles that are only made up of non-interacting magnetite.
They are most likely to be found in synthetic particles, and the
above approaches can be very useful in the characterization of
these systems. Depending on the source of the ferromagnetic
particles in biological systems, these are also often limited to finer
particles. The problem in tissue samples, however can be
clustering, and therefore meeting the criterion of non-
interaction. For example, Brem et al. (2006) found clustering
between magnetite/maghaemite particles in the brain tissues that
were studied, but measurements had to be made on freeze-dried
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tissue that was compressed. They could not conclude if the
particles were clustered naturally or due to sample
preparation. In any case these presented methods can provide
useful information in a comparison of different tissues, although
some overestimation of the SP concentration may occur. The
same can be said for natural materials. These can have more
variety in the composition of ferromagnetic (s.l.) phases, and in
particle size, which may not include only SP and SSD particle size.
The degree of magnetic interaction may also be more common.
Critical is that magnetite is the main ferromagnetic phase, and
there is independent evidence that the effect due to interactions is
not large.

CONCLUSION

We have evaluated three methods to estimate the relative
contribution of SP magnetite to mixtures with SSD magnetite,
using two mixing series of SSD magnetite with SP magnetite,
which have two different particle sizes. Both the Day-Dunlop plot
or M,ey/Miprey plotted as a function of B¢ will detect changes in
the SP contribution to the magnetization. PCA analysis of FORC
measurements will also detect changes in the relative amount of
SP particles, but is less sensitive in distinguishing small
differences. The particle size or size distribution will affect the
relatively change in magnetization with increasing SP
concentration in all three methods. For this reason, the
methods provide a qualitative method for assessing the
concentration of SP magnetite, although comparisons within a
selected group of samples may provide semi-quantitative
information.
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