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Practical Magnetism V: another FORC in
the road? Understanding, measuring, and
interpreting FORC dlagrams, part A
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Ramon Egli
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namik (ZAMG)

ramon.egli@zamg.ac.at

First-Order Reversal Curve (FORC) diagrams have be-
come a sine qua non of modern rock-magnetism and
are essential for the interpretation of magnetic miner-
alogies and their domain state. They aid paleomagnetic
and paleointensity studies, for example, in investigating
the stability of the magnetic carriers, and thus the reli-
ability of the recorded paleomagnetic signals. They also
have become an essential tool for identifying specific
magnetic particle populations, such as magnetofossils.
Despite their increasing popularity, interpreting FORC
diagrams and even setting the correct measurement
protocol parameters is not necessarily straight-forward,
so that the nuances of these diagrams are not as read-
ily accessible. A previous Quarterly article (“A FORC
in the road?” by Chen et al., (2005), IRMQ 15-3) al-
ready dealt with FORC diagrams, however from a very
different perspective. This article aims at providing a
solid foundation for making informed interpretations by
describing the features of FORC diagrams in the hopes
of providing an “all in one" practical guide, rather than
covering all the necessary phenomenological explana-
tions that are already treated in greater detail elsewhere.
That said, to discuss FORCs one must start in the neigh-
borhood of the beginning, so a basic explanation will
be provided. Likewise, correct interpretation of FORC
diagrams is dependent on correct data acquisition and
processing, therefore some of the most important mea-
surement aspects will be covered. This “review” article
takes widely from a number of publications, but if asked
to recommend an essential bibliography on FORCs, we
would probably suggest starting from Egli and Win-
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Simulated FORC diagram (Egli, 2021) of randomly oriented, double-stranded
chains of equidimensional magnetosomes formed from the fold-collapse of sin-
gle-stranded chains (example in the inset), data from Amor et al. (2021).

klhofer (2014), Roberts et al. (2014), and Egli (2021).
Because of the amount of material covered, the article
will be split in two parts: the first providing background
information and describing FORC signatures for the dif-
ferent domain states, from unstable single domain to
multi domain, and the second describing the signatures
for mixtures and different mineralogies.

What are FORC diagrams?

Before answering this question, we recall some fun-
damental aspect of magnetic measurements applied to
natural magnetic particle assemblages, such as those oc-
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Testing the universality and scale of the
magnetic hydrocarbon migration hypoth-
esis-Catcher Area Development, Western

shelf, UK North Sea

Maryam Abdulkarim

Imperial College, London
m.abdulkarim 18@imperial.ac.uk

In my research group, we have been trying to determine
the applicability of intra-sedimentary magnetic methods
to hydrocarbon exploration and production. In general,
the uncertainties involved in hydrocarbon exploration is
significant. This is due to the complexity of the petro-
leum system and processes in play. Our aim is to reduce
these uncertainties by the application of novel magnetic
methods to the identification of hydrocarbon migration
pathways. The magnetic signatures around hydrocarbon
migration pathways compared to the surrounding back-
ground sediments have for a long time been suggested to
be variant (e.g. Machel, 1995; Liu et al., 2004). However,
no model that defines this variation of signature in a way
that can be applied to improving the hydrocarbon explo-
ration and production process has been developed. My
research group makes progress here. There appears to be
a relationship between hydrocarbon migration direction
and the precipitation of siderite (Badejo et al., 2020).
The implication of this finding includes the potential to
incorporate a magnetic parameter to Petroleum Systems
Modelling software to enhance their predictability.

My study objectives include testing the migration
direction hypothesis and defining its applicability. To
achieve this, sandstone samples from cores of a study
area in the West Central Shelf of the UK North Sea
were collected for magnetic experiments. These cores
were collected along the hydrocarbon fill spill chain of
a recent Tertiary hydrocarbon field development; the
Catcher Area Development (CAD). Background sand-
stone samples of the same formation; unstained by hy-
drocarbon and located away from the migrating pathway
of oil and gas were also collected. Hysteresis loops were
obtained for these oil-stained and background samples
at a high resolution; every meter, along the available
core. These loops revealed the presence of significantly
higher paramagnetic proportion in a significant number
of oil-stained sandstone samples when compared to the
background samples. Also, trends were observed in the
distribution of the paramagnetic proportion along the fill
spill chain. To understand the mineralogical distribu-
tion along this fill spill chain, I had previously carried
out thermomagnetic and Mossbauer measurements on a
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Figure 1: Thermomagnetic experimental results for (a & c) an oil

stained sandstone and (b & d) a background sample. Siderite is clearly

identified via its Neel’s transition at 37 K from the FC-ZFC curves

(Jacobs, 1963). The presence of siderite is further supported by the

high susceptibility curves. Rapid alteration of siderite occurs at tem-

peratures above 300 °C as it oxidizes to magnetite (Pan et al., 2000).

small subset of the samples collected, through an earlier
fellowship at the IRM. Analysis of these results revealed
the presence of siderite, magnetite, pyrrhotite, haematite
and titanium rich iron-oxides in various proportions in
the oil-stained samples. The minerology of the back-
ground samples was less complex, with all the samples
showing signs of magnetite, hematite and titanium-rich
iron-oxides. The background sandstone’s magnetic sig-
nature appears to be dominated by the presence of mag-
netite. We thus inferred the following: siderite and pyr-
rhotite were formed as a result of hydrocarbon migration
and siderite was the source of the high paramagnetic
proportion observed in some of the CAD samples.

The main objectives of this second visiting fellowship
were firstly, to determine through thermomagnetic stud-
ies if the trend in paramagnetic response can suggest the
presence of siderite in the oil-stained sandstone samples.
The number of samples measured were not enough to
establish whether a trend, if any, existed. Paramagnetic
clays like illite, smectite, illite-smectite etc are com-
mon in North Sea sandstones (Wilkinson et al., 2014)
and could be a major contributor to the paramagnetic re-
sponse. The second objective was to confirm the absence
or negligibility of siderite in the background sample by
carrying out mineralogical analysis on the samples with
the highest paramagnetic response.

The results of the thermomagnetic experiments re-
vealed the presence of siderite in all the samples above a
threshold high field susceptibility. Siderite was identified
via its Néel transition from the FC-ZFC curves (Fig. 1a).
Its presence was also suggested by the rapid and substan-
tial alteration of the samples during high temperature
susceptibility measurements carried out in Argon envi-
ronment (Fig. 1c). Siderite presence was also confirmed
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Figure 2: Low temperature Mdssbauer spectroscopy results for
oil stained CAD samples. The sextet’s parameters fit to sider-
ite with isomer shift ‘IS’, quadrupole shift ‘QS’, and hyperfine
field of 1.34 mm/s, 2.02 mm/s and 18.04 T respectively.

via Mdssbauer spectroscopy (Fig. 2). Furthermore, we
confirmed the negligibility of siderite in the background
samples. Figs. 1(b) and 1(d) are thermomagnetic curves
for the most paramagnetic background sample. The FC-
ZFC curves (Fig 1b) do not show signs for the presence
of siderite, as was the case in the oil-stained sandstone
FC-ZFC curve (Fig. 1a) even though both samples have
a high paramagnetic proportion (Find high field suscep-
tibility values in Figs. 1(a) and 1(b)).

A comparison of the high field susceptibility (yhf) of
the oil-stained samples with high paramagnetic propor-
tion and their FC-ZFC curves suggests that siderite is the
major contributor to the high paramagnetic proportion.
The example curves in Fig. 3 depict this clearly. The
signature of these curves strongly suggest the dominant
paramagnetic mineral to be siderite with the wide separa-
tion between the FC-ZFC curves, which occurs sharply
below siderite’s Neel temperature of 37 K. Superimpos-
ing this inference with the trends in the high field suscep-
tibility and the FC-ZFC remanence, it appears that in this
region, high field susceptibility can be used to estimate
the variation of siderite along the fill spill chain.
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Figure 3: Comparison of the ZFC-FC curves for different oil-stained
samples with different paramagnetic proportions. Each sample’s FC-
ZFC curve shows clear indications for the presence of siderite. Com-
paring the signature and magnitude of magnetization to the high field
susceptibility suggests that siderite is the major contributor to the high
paramagnetic proportion.
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A Rock Magnetic Study on Southwest In-
dian Ridge Basalt Hydrothermal Altera-

tion

Shishun Wang

School of Earth and Space Sciences, Peking
University, Beijing, China
wangshishun@pku.edu.cn

Hydrothermal alterations are frequently recognized when
drilling the ocean crust (e.g., Ocean Drilling Program
(ODP) Hole 1256D, Dekkers et al., 2014). There are two
categories of hydrothermal systems: low-temperature
(<200°C) fluids generated by cooling of the ocean litho-
sphere and high-temperature (250-400°C) vents above
magma chambers along the mid-ocean ridges (Alt,
1995). High-temperature vents severely destroy the ther-
mal remanent magnetization (TRM) of mid-ocean ridge
basalts (MORB), resulting in negative magnetic anoma-
lies (Tivey & Johnson, 2002). Although this signature
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Figure 1: Low-temperature magnetic properties for MORB (a, d), partially chloritized basalt (b, ¢), and chloritized basaltic breccia (c, f). The lower
panels (d-f) are the first derivative of the raw data (a-c). The low-temperature cycling of a room-temperature remanence (RTSIRM cooling and

warming; green), as well as field-cooled (FC) and zero field-cooled (ZFC) remanence warming curves (red and orange), were measured.

has been widely applied in studying the internal structure
of the vents (e.g., Galley et al., 2020), how fluid-rock in-
teraction alters the magneto-mineralogy remains vague.
My Ph.D. project is to study dredged basaltic samples
from Longqi and Yuhuang hydrothermal vents at the
Southwest Indian Ridge, which provides a chance to un-
derstand the interaction between hydrothermal fluids and
basaltic ocean crust. Based on multi-scale microscopic
analyses, we found that fresh MORBs were chloritized
and brecciated when interacting with hydrothermal flu-
ids. Primary titanomagnetites were dissolved by the flu-
ids, reducing MORB’s natural remanent magnetization
(NRM) by three to four orders of magnitude (Wang et
al., 2020). Following those findings, we aim to investi-
gate how rock magnetic properties are modified by chlo-
ritization and brecciation during progressive hydrother-
mal alteration.

I applied for an IRM visiting fellowship to perform
low-temperature measurements using the Quantum De-
sign Magnetic Property Measurement System (MPMS)
and Mossbauer spectra measurements. Combined with
other rock magnetic data already obtained, these experi-
ments were designed to characterize the properties of
major lithological units (i.e., MORB, partially- and ful-
ly-chloritized basalts, and chloritized basaltic breccias)
and assess their relationship to hydrothermal processes.
Due to the COVID-19 pandemic, the samples were sent
to the IRM and the measurements were conducted by the
IRM personnel.

Here, I show primary low-temperature magnetic data
of MORBsS, partially chloritized basalts, and fully-altered
chloritized basaltic breccias (Fig. 1). These three litholo-
gies have systemic trends in terms of low-temperature

phase transition: as expected, no phase transition is rec-
ognized in MORBs containing TM50-60 titanomagne-
tites, whereas partially chloritized basalts and chloritized
basaltic breccias distinctly show the magnetite Verwey
transition. Interestingly, the Verwey transition in partial-
ly chloritized basalts presents a bimodal distribution — a
broad peak around 80-110 K and a sharp peak near 110-
120 K. Our primary speculation is that the titanomagne-
tites in MORBSs experienced high-temperature oxidation
during alteration, producing pure magnetite that exhibits
110-120 K sharp peak. The broad 80-110 K peak could
be related to less stoichiometric oxidation relicts. The
chloritized basaltic breccias have less prominent Verwey
peaks superimposed on the large separation of ZFC and
FC curves, which indicates that the magnetite is trans-
formed to other phases during later stages of alteration.
Detailed data analyses will establish a link between rock
magnetic and mineralogical properties and our micros-
copy observations.

With solid support from the IRM, I obtained valuable
low-temperature and Mdssbauer data, which helps me
to proceed with my research under such a global crisis. I
would like to thank Dr. Mike Jackson and Dr. Maxwell
Brown for coordinating my experiment schedules and
Dr. Dario Bilardello and Dr. Peter Solheid for their sug-
gestions and for conducting the experiments.
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Current Articles

A list of current research articles dealing with various topics in
the physics and chemistry of magnetism is a regular feature of
the IRM Quarterly. Articles published in familiar geology and
geophysics journals are included; special emphasis is given to
current articles from physics, chemistry, and materials-science
journals. Most are taken from ISI Web of Knowledge, after
which they are subjected to Procrustean culling for this news-
letter. An extensive reference list of articles (primarily about
rock magnetism, the physics and chemistry of magnetism,
and some paleomagnetism) is continually updated at the IRM.
This list, with more than 10,000 references, is available free of
charge. Your contributions both to the list and to the Current
Articles section of the IRM Quarterly are always welcome.
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Figure 1. The major hysteresis loop (black lines with large arrows)
is composed of two zero-order magnetization curves starting from
positive and negative saturation, respectively. First-order magnetiza-
tion curves originate from the major hysteresis if the field sweep is
reversed before reaching negative saturation at a reversal field B_and
measuring the magnetization back to B (dashed black line). For any
discrete point on a magnetization curve (e.g. point A at the end of
the dashed line), magnetization changes can be decomposed into a
reversible (AM, ) and an irreversible (AM, ) component by sweeping
the field a little further to point B and then back to the original field.
Because of the irreversible component AM, , the resulting magnetiza-
tion does not coincide with A, but is instead larger (point A*). Modi-
fied after Egli and Winklhofer (2014), see text for details.

curring in geologic materials. Individual magnetic parti-
cles might possess two or more pairs of magnetic states,
depending on parameters such as size and shape. These
so-called microstates contribute to the bulk magnetiza-
tion of the specimen. Partial information on the magnet-
ic particle assemblage is obtained by measuring the de-
pendence of the bulk magnetization on the applied field
and other parameters, such as temperature, according to
specific measurement protocols (e.g., magnetic hyster-
esis, IRM acquisition curves, thermomagnetic curves).
Because virtually infinite combinations of microstates
can yield the same bulk magnetization, the interpretation
of results obtained from such measurement protocols is
intrinsically non-unique. FORC measurements reduce
this non-uniqueness, without eliminating it, through a
systematic scan of the transitions between microstates
that contribute to the bulk hysteresis. With this scan,
it is possible to visualize magnetization processes that
are specific for certain domain states, and the magnetic
interactions existing between particles, in a two-dimen-
sional function known as the FORC diagram.

The FORC measurement protocol consists of partial
hysteresis curves that originate from the same branch of
the major loop, which is typically the descending branch.
For reference, the branches of a hysteresis loop are also
referred to as zero-order curves, because they originate
directly from a saturated state (M) attained at a satura-
tion field B_ . Reversing the field at a given field-value B,
before (negative) saturation is reached (-B_, ), and mea-
suring the magnetization from B back to +B_ in discrete
field increments, allows accessing the inner area of the
hysteresis loop by measuring an individual first-order
reversal curve. When describing magnetization curves,
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Figure 2. (a) First-Order Reversal Curve starting at B, towards B_,, with magnetization at each point B measurements along the
FORC represented by M(B, B); (¢) FORC measurements for different increments of B allow accessing the inner area of the hys-
teresis loop (the outer envelope of the FORCs defines the major loop); (d) FORC distribution p(B, B) calculated at a point P using
measurements from consecutive FORCs for SF = 3 (smoothing is performed over (2SF + 1)?> =7 x 7 about P; (¢) FORC diagram
showing the relationship between the {B, B} and the {B,, B_} coordinate systems. The FORC distribution is confined to the trian-
gular region between the B,> B diagonal line and the red dashed lines B > -B_ and B <+B_, which can be further subdivided into
zones 1, 2 where hysterons are positively or negatively saturated in zero field, and zone 3, where hysterons can have two magnetiza-
tion states in zero field, and within wich remanent magnetizations originate. Modified after Roberts et al. (2014), see text for details.

an important distinction is made between magnetization
changes due to reversible and irreversible processes, and
become important to understanding the different contri-
butions to FORC diagrams. The two types of processes
occurring along any magnetization curve are discrimi-
nated by comparing a small portion M, — M of the
curve between close fields B, and B with the magnetiza-
tion M,, obtained by sweeping the field from B back to
B, (Fig. 1). Because of magnetic hysteresis, M, — M,,
does not follow the same path as M, — M, , and there-
fore M, , # M,, the difference M,,— M is the irreversible
magnetization change occurring when sweeping the field
from B, to B, , while M, — M, is the reversible change.
The sum of the two contributions equals M — M,.

The magnetization at applied field B on the FORC
with reversal point B_is denoted by M(B, B), where B >
B_(Fig. 2a). Repeating the process for different equally
spaced values (increment 0B) of B, allows collecting a
number of FORCs (Fig. 2b), composed of gridded dis-
creet magnetization measurements (Fig. 2¢) used to cre-
ate a FORC diagram (Fig. 2d).

The FORC distribution function was first described by

Hejda and Zelinka (1990) and is defined as the mixed
second derivative:

p(B,B)=—" 62M(Br, B)/(0B0B), (1)
over B>B.

The second derivative is scaled by % because the mag-
netization switch from +M_ to —M_ has a magnitude of
2M_. Purely reversible magnetization components (e.g.
dia-, para-, and superparamagnetic) do not exhibit hys-
teresis, so they will be eliminated by the mixed second
derivative and will not contribute to a FORC distribu-
tion. When plotting a FORC distribution, it is convenient
to change coordinates from (B, B) to

B=(B.—B)/2;BorB=(B +B)/2

The (B, B,) coordinate system is motivated by the phe-
nomenological Preisach theory, in which B_ and B (or
B) correspond to the coercivity and the bias field, respec-
tively, of elemental rectangular hysteresis loops called




hysterons by analogy with elementary particles (Prei-
sach, 1935). This means that the FORC diagram of iden-
tical particles featuring a squared hysteresis loop with
coercivity B, which is offset on the field axis by a bias
field B, (e.g., from magnetostatic interactions), is given
by an isolated peak contribution with coordinates (B,
B)). A continuous function in the FORC space can thus
be explained mathematically as the result of the super-
position of many hysterons characterized by a distribu-
tion of B and B values. This is the Preisach-Néel model
introduced by Néel (1958), with marginal distributions
along the B and B axes of the FORC diagram represent-
ing the distributions of coercivities and interaction fields,
respectively. This model provides a partial explanation
for SD particles, which are individually described by
curved hysteresis loops with two magnetization jumps
similar to those of hysterons, but fails at explaining the
properties of larger particles possessing more than two
magnetic states (Dumas et al., 2007; Newell, 2005; Pike
& Fernandez, 1999), for a more detailed explanation see
Egli and Winklhofer (2014) and Egli (2021). In this case,
B_and B no longer coincide with the coercivity and the
interaction field of individual particles and the FORC
function is merely an empirical signature of transitions
between magnetic states occurring over certain ranges
of fields.

Before describing some of these signatures, it is use-
ful to explain some fundamental concepts rooted in the
Preisach theory of hysteresis. Because the measurement
protocol imposes that B > B, the FORC space is char-
acterized by the half-plane B_> 0 (Fig. 2d). This half-
plane is further subdivided into three zones. The square
defined by B< 0 and B > 0 is called the memory region
(zone 3), because hysterons in this region can have two
magnetization states in zero field. This means that all
transitions between remanent magnetization states are
recorded in this region only. This is therefore the most
relevant region for the characterization of remanence
carriers in paleomagnetic studies. The two triangles
sandwiched between B =0 and the memory region con-
stitute the so-called transient region, where hysterons are
always in a positive, zone 1, or negative, zone 2, satu-
ration state. As discussed above, hysterons are a fictive
mathematical construct, and real magnetic particles can
contribute to all three regions at the same time with dif-
ferent types of transitions between their magnetic states.
Even SD particles contribute to the transient region in
the lower quadrant (B < 0), due to the reversible rotation
of magnetic moments while the field is swept from B, to
positive saturation (Newell, 2005).

Because of the definition of the FORC function as
mixed derivative of the measured magnetization, inte-
grals of the FORC function over specific domains, such
as the memory region, yield magnetizations that can be
compared with traditional rock magnetic parameters
such as the saturation remanence M_(for the memory re-
gion), and the saturation magnetization M _ (for the whole
FORC space). Moreover, well-known measurement pro-
tocols, such as DC demagnetization, and the irreversible
component of the major hysteresis loop, coincide with

subsets of the FORC measurement protocol, providing a
quantitative link between FORC diagrams and common
rock magnetic parameters, as well as different types of
coercivity distribution (Egli, 2021).

Measuring and processing FORCs

The complexity of the FORC measurement protocol, the
existence of special signatures such as the central ridge
requiring high resolution, and the usually low signal-
to-noise ratio resulting from the measurement of most
natural samples, requires forward planning of FORC
measurements and specific processing tools that have
been developed recently. The close relationship existing
between FORC diagrams and other magnetic parameters
is an essential tool for interpreting complex mixtures of
particle populations of the same mineral, or different
minerals, and it is also essential for setting the correct
measurement parameters of the FORC protocol. Mea-
surement parameters, such as field ranges and resolution,
will depend on the FORC features to be resolved and
on the magnetic mineralogy. Direct calculation of the
mixed second derivative amplifies measurement noise,
which usually overwhelms the measured signal, there-
fore the data are smoothed over a suitable range of data
points using an appropriate smoothing factor (SF) that
will not degrade the signal. Different smoothing strate-
gies have been developed, from polynomial fitting over
squared point arrays (Pike et al., 1999), to polynomial
fitting over arbitrary regions (FORCinel; Harrison &
Feinberg, 2008), whose extension can be chosen to be
field-dependent for optimal noise suppression (VARI-
FORC:; Egli, 2013). Alternate, faster methods for prepro-
cessing, which are based on the Fourier transform, have
also been developed (Berndt & Chang, 2019). With these
methods, the FORC function (equation 1) is evaluated
on a grid within the boundaries of the FORC diagram,
which are determined by the minimum and maximum
measurement fields. Data are then contoured or plotted
using a continuously varying color map that represents
the FORC distribution (e.g. Fig. 2d). Modern processing
algorithms also provide an error estimate, which can be
used to highlight only those regions of the FORC space
where the FORC function is significantly different from
zero (Heslop & Roberts, 2012), avoiding overinterpreta-
tion issues. Moreover, measurement and processing of
FORC diagrams have expanded to enable the separa-
tion of the FORC signal into the remanent (remFORC:s),
induced (iIFORCs) and transient (tFORCs) components
(Zhao et al., 2017). Here, only the classic FORC proto-
col is discussed.

Most of the early FORC literature revolves around
uniaxial particles, with a particular focus on single do-
main (SD) grains owing to their importance as magnetic
recorders. To correctly resolve their FORC signatures,
(e.g., the “SD central ridge”), suitable measurement pa-
rameters must be chosen: Good FORC diagrams start
with the correct choice of the extension of the FORC
space, and the resolution with which the space is cov-
ered. The FORC space is controlled by the field ranges
of the horizontal axis (from B, =0 to B, = B__ ) and of



Type Bemax Bumin Bumin Bumax JB
(filled space) | (VARIFORC)
Non-interacting SD B —B; —0.1B; 0.18; <0.01B;
Interacting SD B —B; —0.1B; 0.68; <0.02B;
Magnetofossil-bearing B —0.7B;s —0.1B; 0.65; <1 mT
sediments (~120 mT) | (=80 mT) (=10 mT) (+70 mT) | (0.5 mT)
PSD (generic, vortex) By —B; —0.2B; +Bs <0.02B;s
PSD (titano-)magnetite ~200 mT —-120 mT -30 mT +80 mT 1-2mT
MD ~2Bq —B; —Bs + Bemax +Bs <Bco

Table 1: Recommended FORC protocol parameters for different types of magnetic particles. B_is the saturation field (i.e. the field
amplitude at which the hysteresis loop becomes closed within the measurement uncertainty), B_ is the coercivity of remanence,

and B the coercive field.

the vertical axis (from B . to B ). The FORC range
is either chosen on the basis of a known magnetic min-
eralogy, or it is determined with the help of preliminary
measurements such as the distribution of switching fields
from the remanent hysteretic magnetization (M) curve
(e.g., Jackson & Solheid, 2010), or, more crudely, from
the hysteresis loop and backfield curve. In the latter case,
the relevant parameters are the coercivity of remanence,
B_, and the saturation field B, defined as the field ampli-
tude at which the two hysteresis branches merge within
the uncertainty given by measurement errors. The merg-
ing point can be found visually by zooming on the loop.
In the frequent case where high-coercivity contributions
are present, a choice must be made to focus either on
low-coercivity contributions (e.g., B, = 120 mT) with
a field resolution that is appropriate for this field range
(0B = 0.5-2 mT), or on the maximum coercivity range
enabled by the measuring instrument (in case of a VSM
with electromagnet, B, =~ 1 T without pole saturation
correction) with a lower resolution that might be inade-
quate for the lower coercivity range (e.g. 8 = 5-10 mT).
For hard magnetic phases for which it is difficult, if not
currently impossible, to achieve a saturated state with
commonly available instruments, Roberts et al. (2006)
argue that measurement of non-saturation properties can
be adequate, and provide FORC diagrams for a range of
hematite and goethite samples for this purpose.

The choice of the FORC range depends on B or B_,
on the dominant domain state of the magnetic particles,
and on the use of a FORC processing protocol capable
of handling an incompletely filled FORC space, such as
VARIFORC (Table 1). Handling of incompletely filled
FORC space can save up to 50% measurement time, be-
cause the lower-left corner of the FORC space contains
only noise in case of properly chosen measurement pa-
rameters (Table 1).

The saturating field B of the FORC protocol resets
the specimen to the same magnetic state before each
curve, and must be larger than the maximum applied
field B, -+ B . Setting B_ to the maximum field al-

lowed by the instrument is thereby not necessary, and
even counterproductive, because it uses more ramping
time and might activate high-coercivity viscous compo-
nents that decay during the measurements. Instead, 1.2-
1.5 times B, _+ B is the most appropriate choice in
most cases. The field step 0B used for measurements is
of paramount importance, since it determines the final
resolution of the FORC diagram, which, in case of a con-
stant smoothing factor SF, is given by AB = 0B x (SF +
¥2) (Egli et al., 2010; Egli, 2013, 2021). For instance, if
AB =3 mT is required for resolving the central ridge of
a magnetofossil-bearing sediment, and SF = 4 for suf-
ficient noise suppression, 68 < 0.7 mT is required. De-
pending on the VSM control software, 68 might be cho-
sen directly, or through the total number N of measured
curves. Finally the averaging time, ¢ , of measurements
should be chosen so that the hysteresis loop opening (ex-
pressed for instance by the difference between the two
branches) is well defined over the entire range. In any
case, any increase of £ _beyond 0.5 s does not produce a
significant noise reduction. Because the total measure-
ment time is proportional to ¢ /0B, there is a practical
limit to the increase of ¢ for noise suppression and the
decrease of 0B for better resolution. Especially in the
case of weak samples requiring high-resolution mea-
surements, such as magnetofossil-bearing sediments, it
is not possible to satisfy both criteria, since the measure-
ment of a single curve should not exceed a few minutes,
which is the typical timescale of instrumental drift, for a
total measurement time that can reach 24 hours. In such
cases, the desired signal-to-noise ratio must be achieved
by stacking identical measurement sequences: this op-
tion is supported by VARIFORC (Egli, 2013).

Finally, additional options are provided for control-
ling some timing parameters of the FORC measure-
ments. The time spent at the saturating field B should
be short (e.g. < 1 s), to avoid the unnecessary activation
of high-coercivity viscous components. The pause, ¢, at
the reversal field controls the response of viscous par-
ticles to the FORC protocol, with larger pauses introduc-
ing a stronger timing asymmetry and thus a larger offset




of certain FORC features such as the central ridge (Ber-
ndt et al., 2018; Egli, 2021; Wagner et al., 2021). Even
if the timing asymmetry is of no interest, a minimum ¢,
should be chosen to enable a sufficient field stabiliza-
tion after the rapid ramping from positive saturation to
B_The typical stabilization time for electromagnet-based
VSM is of the order of 1 s. Shorter values of ¢ _intro-
duce artifacts along the left limit of the FORC space (B,
= 0), which might be confused with the vertical ridge
caused by thermal relaxation effects (Pike et al., 2001).
A more robust control of the VSM behaviour at B, is
possible with the new Lake Shore 8600 VSM, including
the complete avoidance of field overshooting problems
(Egli, 2021; Wagner et al., 2021), as well as the ability of
reaching fields > 2.5 T.

The choice of suitable measurement parameters de-
pends also on the usage of FORC measurements. For in-
stance, in case of FORC measurements for FORC-PCA
analysis (Lascu et al., 2015), which typically involve
a large number of samples with a common origin (e.g.
a sediment core), the tradeoff between measurement
speed and quality is shifted towards speed by choosing
sub-optimal resolution and a FORC range that does not
completely enclose the features of interest, since a con-
siderable noise reduction is achieved at the endmember
level. On the other hand, measurement quality and a
sufficiently extended measurement range should be pri-
oritized for the in-depth characterization of few selected
samples, so that subtle low-amplitude or quasi-1D key
features can be resolved. Notable examples include the
central ridge and its offset, the low-amplitude external
margins of the FORC functions, which contribute signif-
icantly to the total magnetization because of their large
extension over B_ and B, and negative low-amplitude
contributions caused by reversible magnetic moment ro-
tation and by mean interaction fields (Egli, 2021). Such
key features also require a proper processing, which un-
avoidably includes field-dependent smoothing, as in the
VARIFORC protocol (Egli, 2013, 2021; Heslop et al.,
2020). In case of time consuming FORC measurements
(of many samples for FORC-PCA, or high-resolution-
low-noise), regardless of lithology/material, it is gener-
ally recommended to make a rapid (~1 h) preliminary
FORC measurement that fully characterizes the details
of the magnetic particle system at hand. Finally, non-lin-
ear color scales and properly chosen contour levels are
needed to represent high- and low amplitude features of
the FORC diagram. Quantile contour lines, a new feature
of VARIFORC (Egli, 2021) enable to highlight all fea-
tures according to their relative contribution to the total
magnetization.

Interpretation of characteristic FORC features

FORC diagrams can be essentially understood as a 2D
mapping of transitions between magnetic states that oc-
cur upon sweeping the magnetic field from positive to
negative saturation and vice-versa. As such, they convey
much more detailed information than coercivity distri-
butions, which can be understood as a 1D representa-
tion of the same transitions, or bulk parameters, which

only express certain collective states of all magnetic
particles in the specimen. Transitions between well-
defined magnetic states, such the positive and negative
state of uniaxial SD particles, vortex and SD states in
small PSD particles, and pinned domain wall positions
in MD particles, generate specific, localized, and well
recognizable signatures in the FORC diagram, such as
ridges and lobes. Some of these features, as for instance
the central ridge of non-interacting SD crystals, main-
tain their characteristics in natural particle assemblages,
where they can be identified even when superimposed on
other magnetic components, while other features, such
as the lobes of SD-vortex transitions in small PSD par-
ticles merge into a continuous background that extends
over large parts of the FORC space. As with any other
magnetic measurement, the interpretation of FORC dia-
grams is not always unique; however, the combination of
magnetic mineralogy, domain state, and accessory char-
acteristics such as size/shape distributions, presence of
crystal defects, and magnetostactic or exchange interac-
tions create some typical collective signatures that recur
in natural samples. Our knowledge on such signatures is
rapidly evolving, thanks to combined approaches that in-
volve numerical and physical/chemical unmixing, sam-
ple comparison, and micromagnetic modelling (Roberts
et al., 2014; Lascu et al., 2018; Egli, 2021). One of the
main factors that control FORC signatures is the domain
state of magnetic particles, which is discussed in the fol-
lowing.

Uniaxial SD particles

High-precision FORC models have been developed for
uniaxial SD (UNISD) particles (Newell, 2005), and for
UNISD particle assemblages with weak dipolar interac-
tions (Egli, 2006). Such models are the only physical ap-
proximation of the Preisach-Néel model (Néel, 1958),
where each point of the FORC diagram with coordinates
(B, B) represents a magnetic particle with a rectangu-
lar hysteresis loop (the so-called hysteron) with coercive
field B, horizontally biased by the interaction field B .
In case of negligible magnetostatic interactions, the hys-
teresis loops of individual particles, which are curved
instead of rectangular as in the Preisach-Néel model, are
unbiased (B =0), so that the FORC function is concen-
trated in an infinitely sharp ridge p_(B,_, B, = 0), which is
commonly referred to as the central ridge. The curvature
of the hysteresis loops of individual particles, which is
due to the reversible rotation of the particle’s magnetic
moments in the applied field, produces an additional
contribution to the FORC diagram consisting of a con-
tinuous function that extends over the lower quadrant (5,
= 0), and is antisymmetric with respect to the B, = —B,
diagonal, with negative amplitudes below the diagonal
and positive above (Newell, 2005). The FORC signature
of non-interacting UNISD particles has long been over-
looked, due to the fact that most synthetic SD particles
are clustered and thus strongly interacting, and because
the central ridge requires high-resolution measurements
to be resolved, when superimposed on other contribu-
tions (Egli et al., 2010). Fig. 3 shows the first example of
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Figure 3. First FORC diagram measured for magnetotactic bacteria-
bearing sediment modified after Egli et al. (2010). A central ridge and
a negative distribution over B < 0, both non-interacting SD features
modeled by Newell (2005), are clearly distinguishable, in addition to
a broader positive distribution over the B_ axis, see text for details.

this signature obtained with a high-resolution measure-
ment protocol from a lake sediment sample. The features
of the FORC model calculated by Newell (2005) are
clearly distinguishable: the central ridge along B, = 0,
and negative contributions below the B, = =B diagonal.
Additional contributions in the upper quadrant, which
will be discussed in the next section, are also evident.

High-resolution FORC measurements revealed that
the central ridge is a common signature of marine and
freshwater sediments (Roberts et al., 2012), where it is
mainly associated with the fossil remainders of mag-
netotactic bacteria, as well as soils (Egli, 2021; Geiss et
al., 2008) and ferromanganese deposits (Oda et al., 2018;
Yuan et al., 2020). It is rarely encountered in rocks, be-
cause of the tendency for (titano)magnetite particles to
grow beyond the SD size limit and to form patterned ag-
gregates. A notable exception is represented by the Tiva
Canyon Tuff (Berndt et al., 2018), which for this reason
has been used by the IRM as a reference material for its
SD properties.

Magnetofossils

As suggested by the coercivity components found in the
central ridge (Egli et al., 2010; Heslop et al., 2014) and
by TEM observations, the signature of non-interacting
UNISD particles in many freshwater and marine sedi-
ments is mainly produced by fossilized chains of mag-
netosomes, known as magnetofossils, once produced
by magnetotactic bacteria living in sediment or in the
overlying water column. Fossil magnetosome chains are
typically isolated within the sediment matrix, because
the cell body first (Moskowitz et al., 1993), and then
the sediment matrix, prevent the formation of clusters,

which, instead, form upon cell dissolution in water (Ko-
bayashi et al., 20006). Isolated chains of mature magne-
tosomes are magnetically equivalent to UNISD particles
because all crystals in a chain switch at the same criti-
cal field (Hanzlik et al., 2002; Penninga et al., 1995).
An exception is represented by magnetotactic bacteria
containing magnetosome chain bundles or clusters (e.g.,
Faivre & Schiiler, 2008; Hanzlik et al., 2002). Recent
micromagnetic simulations (Amor et al., 2021) show
that multi-stranded chains, either native, or resulting
from the fold-collapse of single chains, produce, in ad-
dition to the classical FORC signature of non-interacting
SD particles, a signature similar to that of strongly inter-
acting SD particles, which is often visible in the upper
quadrant of the FORC diagrams of magnetofossil-rich
sediments (e.g., Fig. 3) (Ludwig et al., 2013). Unlike
the case of SD particle clusters, however, the remanence
ratio M /M_remains close to the value of 0.5 expected
for non-interacting, randomly oriented UNISD. This dif-
ference results from multi-stranded chains maintaining a
strongly uniaxial anisotropy, even if strong interactions
occur between strands.

Thermal relaxation, viscous effects and interactions of
SD particles

Thermal activations produce a slight broadening of the
central ridge, which is related to the statistical nature of
the switching field (Egli, 2006). Furthermore, since more
time is spent at negative reversal fields than in positive
fields during FORC measurements, thermally activated
SD particles that have been switched to negative satura-
tion in the reversal field B, require a slightly larger posi-
tive field B to be switched back to positive saturation.
This produces a small upward shift of the central ridge
(Berndt et al., 2018), to an extent that depends on the
energy barrier of the particles, and thus on their size, and
on the timing of the measurement protocol, especially
the pause ¢_at the reversal field. In the case of typical
high-resolution measurement parameters (6B = 0.5 mT,
t =1 s), the central ridge offset is of the order of 0.5
mT. This offset has been recently used to constrain the
coercivity range of needle-shaped giant magnetofossils
in sediments from the Paleocene-Eocene thermal maxi-
mum (Wagner et al., 2021). Additional thermal relax-
ation effects appear for particles close to the lower limit
of the SD stability range. As this limit is approached, the
switching fields of the particles decrease and the cen-
tral ridge peak moves towards B_ = 0 as a consequence
of the progressive closure of the hysteresis loop (Lanci
& Kent, 2018). This is accompanied by a vanishing of
the negative lobe in the lower quadrant, as the hyster-
esis loops of individual particles become more squared
through switching in lower fields. At the same time, a
vertical ridge along the left limit of the FORC diagram
(B, = 0) starts to form in the lower quadrant, due to the
continuing thermally activated switching of SD particles
to negative saturation while the applied field is still close
to the reversal field (Lanci & Kent, 2018; Pike et al.,
2001). The amplitude of this ridge is strongly dependent
on the pause at reversal field B, the more time is spent




at B, the more particles are switched before the corre-
sponding curve is measured, and not during the measure-
ments. Measurement artifacts at B, which commonly
arise when the applied field is not allowed to stabilize
by a sufficiently long pause, also produce a vertical ridge
that is often confused with that of viscous particles.

As the size of SD particles is further decreased to the
point that they become superaparamagnetic (SP) the hys-
teresis loop becomes completely closed and all FORCs
perfectly overlap. The lack of differences between mea-
sured curves means that the derivative of measurements
with respect to B, is zero, along with the FORC func-
tion. The exact particle size for this transition depends
on the measurement temperature and time, according to
the thermal relaxation theory of Néel (1949). The FORC
signature of natural assemblages of non-interacting SD
particles with a grain size distribution covering the SP
and stable SD range thus contains a central ridge that
extends to B, = 0, produced by all particles that retain
a remanent magnetization during the time required to
measure a single curve, and a vertical ridge produced by
a small fraction of viscous particles that switch in a time
comparable with that required to obtain few measure-
ment points. Typical examples include rapidly cooled
rocks (Fig. 4), and well-developed soils (Egli, 2021),
such as those of the Chinese Loess Plateau, where ~50%
of all pedogenic magnetite is SP and the remaining part
SD (Liu et al., 2005).

Magnetostatic interactions convert the central ridge
into a function of finite thickness, which results in an
appreciable vertical spread of the FORC function (Car-
vallo et al., 2005; Pike et al., 1999). In the Preisach-Néel
model, horizontal and vertical profiles through the cen-
tral maximum are identified with the switching field dis-
tribution f{B ) and the interaction field distribution g(B,),
respectively, which in the simplest case where these
distributions are represented by Gaussian functions, pro-
duce a FORC diagram with oval contours (Fig. 5). This
type of FORC diagrams is characteristic for certain syn-
thetic SD samples at higher concentrations (Carvallo et
al., 2005; Pike et al., 1999), but f{B ) and g(B,) represent
a collective behaviour of all particles rather than intrinsic
distributions, where the distribution of interaction fields
depends strongly on the bulk magnetic state of the as-
semblage (Muxworthy et al., 2004).
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Figure 4. FORC distributions for: (a) particles near the SP to stable SD thresh-
old size in a sample of the Tiva Canyon Tuff; (b) model results at 300 K, where
most of the assemblage is in a thermally relaxed state. From Roberts et al.
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Figure. 5. FORC distribution calculated from a theoretical system of
interacting SD particle data. Modified after Pike et al. (1999).
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Weak magnetostatic interactions, on the other hand,
produce a different FORC signature characterized by
teardrop-shaped contour lines (Egli, 2006). This peculiar
shape of contours is caused by a decrease of the width of
g(B,) with increasing B_. This can be understood by con-
sidering two SD particles: one whose coercivity is much
lower than that of the other particles and one whose co-
ercivity is much larger. The low-coercivity particle is
switched by a small field change that will not affect the
other particles and the stray field produced by them. In
practice, the low-coercivity particle is switched in a con-
stant local field that coincides with the B -coordinate of
the FORC diagram, exactly as in the Preisach-Néel mod-
el of interactions. Accordingly, many low-coercivity par-
ticles disseminated in the sample will “probe” the local
interaction field at random places, and thus the effective
interaction field distribution. This distribution coincides
with the vertical profile of the FORC function taken at a
small B . A high-coercivity particle, on the other hand, is
switched in large fields after all other particles have been
already switched. This means that the local interaction
field during switching of the high-coercivity particle to
positive saturation is antiparallel to the local interaction
field during switching of the high-coercivity particle to
negative saturation. The lack of a constant bias in the
hysteresis loop of high-coercivity particles means that
their B -coordinate in the FORC diagram is zero, as for
non-interacting particles. For this reason, the high-coer-
civity end of the FORC diagram of weakly interacting
particles becomes a sharp ridge.

Caution should be used when interpreting FORC
signatures of magnetostatic interactions, as fundamen-
tal differences between apparently similar assemblages
of SD particles might be evident only when consider-
ing also the bulk hysteresis properties. For instance,
the FORC signature of collapsed magnetosome chains
produced in aqueous solution (Li et al., 2012) display a
combination of central ridge and teardrop-shaped con-
tours that is similar to that of magnetofossil-rich sedi-
ments (e.g., Fig. 3), despite the large differences in M /
M_. Other complications arise in natural samples from
the fact that the distribution of SD particles might not be
homogeneous, so that not all particles necessarily inter-
act with each other. For instance, uncorrelated switching
and interaction field distributions could be generated in
sediments containing heterogeneous clusters of SD par-
ticles formed for instance around reduction spots in sedi-



ments (Egli, 2021).

Vortex-state and pseudo single domain (PSD) grains
Magnetic properties of ferrimagnetic particles are
strongly size-dependent, with clear limits defined for SD
and MD particles. However, a range of particle sizes pos-
sess intermediate properties, which have been referred
to as pseudo-single domain (PSD) (Stacey, 1961, 1962),
e.g., ~0.2-2 um for magnetite, which, while too large
to be SD, have a magnetization that is too intense and
stable for MD particles. PSD grains are the most com-
mon remanence carriers capable of recording the Earth
magnetic field. Applied to magnetic properties, “PSD”
describes a continuous transition between SD and MD
endmembers, as defined, for example, by the hysteresis
parameters M /M_and B_/B_on a Day plot (Day et al.,
1977), which are limited by 0.02 <M /M <0.5 and 2 <
B /B, < 5. However, the PSD range can also be popu-
lated by strongly interacting SD particles, as well as bi-
nary/ternary mixtures of SP, SD, and MD particles. It
is therefore not surprising that most geologic materials
plot within the PSD range, with lower and upper M /
M_ limits given by theoretical SD-MD and SD-SP mix-
ing trends, respectively. A similar ambiguity exists with
any other domain-state-indicator based on bulk magnetic
parameters, so that the term ‘PSD behavior’ instead of
‘PSD particles’ is more appropriate for describing bulk
magnetic measurements that do not unambiguously indi-
cate a SD or a MD signature (Egli, 2021).

However, despite the indefiniteness of PSD-like mag-
netic properties, there is a well-defined third magnetic
state for magnetite particles with intermediate size rang-
es, which explains the PSD behavior not in terms of end-
member mixtures. If magnetite particles are too large to
be homogeneously magnetized, but too small to accom-
modate a domain wall, they will host a magnetic vortex
(single vortex, SV) in which the magnetization vectors
form a circular pattern around a “vortex tube” that acts to
reduce the stray field energy of the particle (e.g. Tauxe et
al., 2002). Magnetite particles feature magnetic vortices
over a range of sizes, and sometimes a few magnetic vor-
tices coexist in particles with irregular shapes, especially
if elongated. As the particle size increases, the volume
outside the vortex tubes tends to split into regions that
can be effectively regarded as magnetic proto-domains
separated by proto-domain-walls, in which the magne-
tization vectors rotate from one easy axis to the other.
As the crystal size increases further these structures
progressively evolve into classic domains and domain
walls, respectively (Nagy et al., 2019).

Analogy to SD particles, the orientation of the vortex
tube is stabilized by magnetocrystalline anisotropy and
by crystal shape. Therefore, the vortex tube, which is the
only feature contributing significantly to the total mag-
netic moment of the particle, behaves essentially like a
SD particle, granting the magnetization stability sought
in paleomagnetism (Nagy et al., 2017). On the other
hand, the application of large external fields favors the
transition from a SV-state to a SD-state, which, however,
might not continue to exist metastably once the field is
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Fig 6. Day plot from Egli (2021). Filled dots represent measurements of bulk
samples containing (1) SD particles with increasing degrees of magnetostatic
interactions, in blue, and (2) magnetite particles with a PSD or MD FORC sig-
nature in orange. Small diamonds represent micromagnetic simulations of in-
dividual silicate-hosted magnetite crystals whose exact shape has been deter-
mined using focused ion-beam nanotomography by Nikolaisen et al. (2020).
The domain states of these particles (SD or PSD) have been determined ac-
cording to the presence or the lack of magnetic vortices in simulated hysteresis
loops. Large symbols represent the bulk properties of particle assemblages
with well-defined properties, which include, in the case of SD particles: micro-
magnetic simulations of magnetosome chains, measurements of looped chains
of equidimensional magnetosomes produced by genetically modified bacteria,
measurements of small clusters of equidimensional magnetosomes; and in the
case of single-vortex particles: measurements of metallic iron nanodots (see

Egli (2021) for details on these data).

removed. Depending on the stability of the SD state in
zero field, particles can exhibit an elevated remanent
magnetization typical of truly SD particles, expressed by
Mrs/Ms values close to 0.5, or a much lower remanent
magnetization arising from the vortex tubes, with MD-
like M /M_values. Micromagnetic models of individual
magnetite particles with shapes digitized from focused
ion-beam nanotomography reveal that individual crys-
tals hosting one or two magnetic vortices yield hyster-
esis loops that span all three domain regions of the Day
diagram, with a grand average in the PSD range (Niko-
laisen et al., 2020) (Fig. 6). Particles with metastable
SD-like remanent magnetizations are characterized by
B_/B_ values not exceeding 3: above this threshold, the
magnetizations of most individual particles drop to M /
M =0.45 (B /B ). On a logarithmic scale, this trend is
parallel to that of MD particles, which are characterized
by 8 times smaller remanence ratios (Fig. 6).

Unlike SD particles, where all types of magnetiza-
tions rely on only one type of magnetic state (the SD
state), SV particles can display two different types of
magnetic states, which are preferentially selected by dif-
ferent magnetization acquisition mechanism, and which
are characterized by different stabilities against thermal
activations and external fields. For instance, a thermo-
remanent magnetization (TRM) preferentially selects
magnetic states with lowest energy in zero fields (e.g.
SV), while an isothermal remanent magnetization (IRM)
selects magnetic states with maximum magnetic mo-
ment, that are still stable in zero field (e.g., SD). Since
the field required to nucleate a SD-to-vortex transition
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Fig. 7. FORC diagrams of three magnetic systems possessing two pairs of stable magnetic states with high and low magnetic moment, respectively,
from Egli (2021). The dashed lines indicate the limits of the memory region, or zone 3: (a) Numerical model of randomly oriented, double-stranded
chains of equidimensional SD magnetosomes formed from the fold-collapse of single-stranded chains (an example is shown in the inset); (b)
Sample of SD magnetosome cluster-forming bacteria (an example is shown in the inset); (¢) Metallic iron nanodots with 67 nm diameter. In (a-b)
individual particles are SD, and the existence of low- and high-moment states depends on the magnetic moment arrangement. In (c) individual
particles possess SD-like and vortex states (see Egli (2021) for details on these data).

can be arbitrarily small, while the contrary is not true, a
PSD IRM is generally less stable than a PSD TRM.
Experimental work on Fe nanoparticles with grain
sizes slightly larger than the upper SD limit showed that
hysteresis properties are shaped by the transition se-
quences SD* — SV* (vortex nucleation)— SD~ (vortex
annihilation) along the upper branch and SD~ — SV~
(vortex nucleation) — SD* (vortex annihilation) along
the lower branch. That is, when the magnetization is de-
creased from saturation, a vortex will form at a given
nucleation field. If a FORC measurement is started from
this state, this vortex will eventually annihilate, but not
necessarily at the same absolute field value at which it
was nucleated. The different nucleation/annihilation
fields of positive and negative SV states creates a com-
plex multi-lobe FORC signature (Fig. 7). This signature
is common to all isolated magnetic systems (individual
particles or structures made of strongly coupled parti-
cles) that feature exactly two types of magnetic states:
a high-moment state analogous to that of SD particles,
and a low-moment state analogous to a SV. For instance,
the FORC diagrams of a homogeneous assemblage of
double-stranded magnetosome chains or small clusters
of equidimensional SD particles are characterized by a
“butterfly” signature identical to that of the SV particles
shown in Fig. 7 (Egli, 2021; Pike & Fernandez, 1999).
The multi-lobe structure is characterized by a central
ridge, surrounded by two positive lobes centered at low-
er values of B, and one or two negative, smaller lobes
centered at higher values of B. All these features are
clearly visible in Fig. 7. Additional features, such as the
negative contributions below the B = —B_ diagonal, and
certain asymmetries between the upper and lower quad-
rant originate from the reversible rotation of SD or SV
magnetic moments in the applied field. The positive lobe
located above the central ridge is caused by the annihila-
tion of a SV* state that was nucleated when sweeping the
field from positive saturation to the reversal field. The
remaining features are formed when measuring FORCs
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that start from the negative saturation state SD: the first
irreversible transition SD™ — SV~ creates the lower posi-
tive lobe, and the second irreversible transition SV~ —
SD* contributes to the central ridge. The latter transition
is located exactly on B = 0 because the first curve host-
ing this transition starts just after the symmetric opposed
transition SV* — SD™ has occurred at the reversal field.
Finally, the negative lobes are associated with the same
SV* annihilations that cause the positive lobe above the
central ridge, but “seen” from the differences between
curves starting from the SD™ and SV* states, respective-
ly, instead of the difference between curves starting from
the SV and SD* states (Egli, 2021; Pike & Fernandez,
1999).

Additional features related to reversible magnetiza-
tion changes depend on the detailed magnetic configu-
rations underlying the high- (SD) and low- (SV) mo-
ment states, and how these configurations change during
FORC measurements between successive transitions.
For instance, reversible vortex tube rotation produces
two broad ridges along +45° lines: a positive one depart-
ing from the upper positive lobe, and a negative one de-
parting from the lower positive lobe (Pike & Fernandez,
1999), both discernible in Fig. 7c. Overall, these revers-
ible processes are responsible for observed asymmetries
between the upper and lower quadrants of the FORC dia-
gram. Other asymmetries, e.g., between negative lobes
above and below the central ridge, depend on small dif-
ferences between the annihilation fields of positive and
negative low-moment states.

The location of the two positive lobes with respect to
the memory region of the FORC diagram (right of the
dashed lines in Fig. 7) determines whether the high-mo-
ment (SD) states are stable in zero field, therefore affect-
ing M_/M_. If the positive lobes are located fully within
the memory region, M_ is equivalent to a SD magnetiza-
tion, yielding M /M_= 0.5 in case of randomly oriented
particles with uniaxial anisotropy. If, on the contrary,
the positive lobes are located fully outside the memory



region (that is, in the so-called transient region), M_ is
controlled by the low-moment magnetic states, the only
ones that are stable in a zero field, yielding M /M <<
0.5. The sudden disappearance of stable high-moment
configurations for particles with B_/B_> 3 is clearly vis-
ible in the micromagnetic simulations of Nikolaisen et
al. (2020), and marks the transition from PSD to a MD-
like hysteresis behavior. Furthermore, these simulations
do not show a systematic relation between individual
particle sizes and their location in the Day diagram: for
instance, the SD range is populated by single and multi-
vortex particles.

Natural materials featuring all signatures shown in
Fig. 7 are rare, since they require a tight control over all
factors determining the nucleation/denucleation fields of
low-moment states: dusty olivines containing Fe-Ni in-
clusions feature the central ridge, the two positive lobes,
and one negative lobe below the central ridge (Lappe et
al., 2011, 2013), similarly to hexagonal magnetite plate-
lets produced by thermophilic iron-reducing bacteria
(Zhao et al., 2017). More generally, magnetic particles
with PSD behavior can have several more magnetic con-
figurations in addition to the SD and SV ones discussed
above, multiplying the number of irreversible transitions
that will occur during hysteresis and FORC measure-
ments. Additional configurations include multiple vorti-
ces (MV) and swirls, which are found preferentially in
elongated particles (Lascu et al., 2018; Nikolaisen et al.,
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2020). Interestingly, the hysteresis properties of individ-
ual MV particles plot in the classic PSD range of the Day
diagram, contrary to SV particles. During FORC mea-
surements, discrete transitions occur between magnetic
states, which are usually accompanied by a jump of the
magnetic moment, and each state evolves reversibly be-
tween its nucleation and its annihilation field, determin-
ing the continuous part of magnetic moment changes.
Transitions generate isolated, sharp peaks in the FORC
diagram, which are preceded by a +45° ridge caused by
reversible magnetization changes (Egli, 2021; Egli &
Winklhofer, 2014). Because FORCs obtained from large
collections of particles tend to be contained within the
branches of the major hysteresis loop, most peaks are
contained in a triangular region of the FORC diagram
with vertices (0, +B) and (+B,, 0), where B_is the field
amplitude at which the hysteresis closes (Fig. 8a). These
discrete contributions merge into a continuous FORC
function within the triangular region limited by B_ as the
number of particles increase (Fig. 8b). Transitions con-
tributing to the central ridge become comparatively rare
as the number of magnetic states in each particle increas-
es, until they are no longer distinguishable. Fig. 8 shows
the emergence of the classic FORC signature of PSD
particles from the micromagnetic models of individual
particles in an obsidian sample (Lascu et al., 2018).
Most FORC diagrams of PSD particles retain a remi-
niscence of the SV signature, in particular the two posi-

(b)

\, zonle 1

€ 0.00
o«
-0.05 F
§
-0.10 ft: e,
&
15 zone 2 \ 10x10*
33 Y
a 5
015y L -1
ey :
i
) g3 s | ! !
0.00 0.05 0.10 0.15 0.20

B_(T)

Fig. 8. Micromagnetic models of individual particles in an obsidian sample merging into the classic PSV FORC signature, from
Lascu et al. (2018): (a) simulated positive and negative FORCs of few individual particles superimposed onto the contours of the
experimental FORC diagram shown in panel (b); b) Experimental FORC for a natural obsidian sample containing interacting single
vortex particles. The large number of particles contained in the bulk sample, compared to the simulations in (a) causes the FORC
peaks to merge into a continuous background with more triangular, or tri-lobate, contour lines, as commonly observed for natural
PSD assemblages. The upper lobe contours intersect the vertical axis at higher absolute values than those for the lower lobe, which
intersect the vertical axis closer to the origin. The middle central-ridge-like lobe is narrower and extends just below the horizontal
axis and there is a prominent negative region between this and the middle lobe. The strongest, broad, peak occurs at the intersection
of the three lobes (see Lascu et al. (2018) for details).
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tive lobes at lower coercivities, and a broadened central
ridge at higher coercivities, which is probably affected
by magnetostatic interactions (Lascu et al., 2015, 2018;
Roberts et al., 2017). As noted by Lascu et al. (2018),
the PSD signature contains a broad central peak at low
coercivities, which is absent in SV particles. This peak,
which is similar to that of interacting SD particles, ap-
pears to be associated with MV particles.

From PSD to multi domain (MD) grains

A sharp transition between the FORC signatures of natu-
ral PSD and MD magnetite particle assemblages does
not exist. Instead, a continuous transition to the MD end-
member, consisting in a vertical ridge close to B, = 0
(Egli, 2021; Pike et al., 2001), is observed. This transi-
tion is characterized by an increase of the vertical exten-
sion of the FORC function and a migration of the central
peak towards B_ = 0 (Fig. 9). This is consistent with the
coexistence of domain walls and vortex cores, which,
in equidimensional magnetite crystals, starts at around
1 um (Lascu et al., 2018; A. R. Muxworthy & Dunlop,
2002; Nagy et al., 2017; Roberts et al., 2017). It is worth
observing that a broadened form of the central ridge
extending to relatively large coercivities persist in MD
magnetite up to macroscopic sizes (Pike et al., 2001),
and it is accompanied by a negative region located be-
tween the central ridge itself and the B, = =B diagonal
in the lower quadrant (Fig. 9). Early FORC diagrams did
not resolve this signature in natural materials, due its
low amplitude, typically <5% of the central peak. Both
signatures disappear upon annealing (Pike et al., 2001),
which means that they must be affected by the presence
of internal stress or crystal defects. Egli et al. (2021)
noticed that the negative region in the lower quadrant
is explainable by the presence of a mean demagnetiz-
ing field, which is compatible, in amplitude, with the
internal demagnetizing field of magnetite particles (e.g.,
Dunlop & Ozdemir, 1997). Egli (2021) speculates from
this observation that the FORC signature of PSD-to-MD

(b) W (1.7 um)

(¢) W (7 um)

transitions is affected by the screening of PSD-like mag-
netic configurations, such as vortices, through parts of
the particle’s volume that are characterized by a MD be-
havior. This is also indirectly supported by the results of
Nikolaisen et al. (2020): while there is no strong relation
between grain size and type of magnetic states once the
upper stability limit for SD particles is exceeded, the role
of size is clearly seen in the relation between coercive
field B and M /M, with larger particles showing a trend
that is compatible with a larger demagnetizing factor.
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