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Abstract First-order reversal curves (FORCs) are nowadays routinely used to assess domain states

and magnetostatic interactions of magnetic minerals. While a huge step forward from bulk magnetic
measurements in terms of sample characterization, there is a missing link between the FORC diagrams and
remanence behavior: FORC diagrams mainly reveal domain states, while remanence behavior is largely
controlled by thermal activations. We present a new tool to visualize thermal fluctuations in so-called
time-asymmetric (TA) FORC diagrams. TA-FORCs differ from traditional FORCs in that they maintain the
reversal field H, for a longer time (minutes) than the FORC measurement field H, (milliseconds). During
this extended hold time, thermal activations cause some magnetic grains to change their magnetization,
giving rise to an upward shift in the FORC diagram. The magnitude of this shift gives insight into the
thermoviscous stability of the mineral and its remanence acquisition behavior. This not only allows to
distinguish thermoviscous effects in FORC diagrams from magnetostatic (i.e., interactions/domain state
related) effects but also provides a way to separate mixtures of magnetic minerals: two minerals with similar
coercivity spectra that would totally overlap in traditional FORC diagrams show different upward shifts in
TA-FORC diagrams, which in some cases enable complete separation of the minerals visually. This effectively
provides two independent FORC signatures for two magnetic constituents in a sample such as two grain
populations of different grain sizes, grain shapes, and/or mineral.

1. Introduction

First-order reversal curve (FORC) diagrams (Pike et al., 1999; Roberts et al., 2000) are nowadays routinely used
to assess domain states and magnetostatic interactions of magnetic mineral assemblages. FORCs are a set of
partial hysteresis loops that are measured by reducing an applied field from saturation to a reversal field H,
and then measuring a partial hysteresis loop while increasing the field H, backup. This set of hysteresis loops is
visualized as a contour plot of the mixed second derivative, the FORC diagram. FORC diagrams have been suc-
cessful at characterizing domain states of samples, for example, distinguishing pseudo-single-domain (PSD)
behavior from mixtures of single-domain (SD) and multidomain (MD) behavior (Muxworthy et al., 2005), mag-
netic mineral identification (Egli et al., 2010; Roberts et al., 2006), and at providing insights into variations
of environmental magnetic records (e.g., Chang et al., 2014, 2016; Channell et al., 2016; Hatfield et al.,, 2017;
Yamazaki, 2009), among others (see Roberts et al., 2014). In most current applications, FORC diagrams are
therefore used as a tool for sample characterization, particularly in terms of domain states and magnetostatic
interactions. Often, this is done qualitatively by visual inspection, but recently also quantitatively using prin-
cipal component analysis (PCA) to unmix contributions of different magnetic constituents (Channell et al.,,
2016; Harrison et al., 2018; Lascu et al., 2015; Roberts et al., 2018).

Few works used FORC diagrams to characterize remanence behavior (Church et al,, 2016; Muxworthy &
Heslop, 2011; Muxworthy et al., 2011; Zhao et al., 2017). Muxworthy et al. (2011), for example, measured FORC
diagrams to obtain sufficient insight into a sample’s magnetic composition that thermal remanent magnetiza-
tion acquisition could be modeled and paleointensities could be reconstructed without having to thermally
demagnetize the sample. The fact that such little work has been done on predicting remanence behavior
from FORC diagrams is most likely due to the fact that the theoretical framework of FORC diagrams is based
on the simplified assumption of magnetic hysterons (termed Preisach, 1935, theory): elementary square hys-
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teresis loops corresponding to the magnetic particles that switch their magnetization state only in response
to the applied field and some magnetostatic interaction field. While this assumption is undoubtedly helpful
for characterization of domain states, whose behavior is fundamentally determined by their magnetostatic
interactions, it completely neglects the thermal fluctuation field, which is responsible for the blocking and
unblocking of magnetic grains, and therefore for remanence acquisition (Néel, 1949). The model by Muxwor-
thy and Heslop (2011), based on Stancu and Spinu (1998), attempts to include thermal fluctuations in the
Preisach model, but does so only simplistically by dividing the Preisach plane into superparamagnetic (SP)
and stable SD regions. A more realistic model should take the gradual (thermoviscous) relaxation of the grains
into account, as predicted by Néel (1949).

Some works have attempted to extend models of FORC diagrams by thermal fluctuations (Egli, 2006; Lanci,
2003; Lanci & Kent, 2018; Pike, Roberts, & Verosub, 2001). Various features that occur in FORC diagrams could
be reproduced by these models. In this paper we investigate the effect of thermal fluctuations on FORC dia-
grams through a numerical model and experiments, with particular focus on one feature: a vertical spread in
FORC diagrams that is similar in appearance to an interaction field. Moreover, we propose a new protocol that
visually separates the thermal fluctuation field and the interaction field such that the two can be distinguished
from each other and be quantified. This is done through use of time-asymmetric (TA) FORC diagrams: FORC
diagrams that are measured with an extended hold period of the reversal field H, compared to the measur-
ing field H,. Finally, we will show cases where mixtures of magnetic constituents with similar domain states,
interactions, and coercivity spectra that cannot be distinguished in classic FORC diagrams, but may easily
be distinguished in TA-FORCs due to their constituents having different thermoviscous magnetic properties
(such as grain shape, volume, and spontaneous magnetization).

2. Theory

2.1. Revision of FORC Diagrams

Before starting a discussion of thermal fluctuations in FORC diagrams, we briefly describe how FORC diagrams
are measured and what they represent. FORCs are partial hysteresis loops: first, a sample is saturated in a large
positive field, then the applied field is reduced to the reversal field H,, and finally a partial hysteresis loop
is measured while slowly ramping up the field from H, back to (positive) saturation. The field at which this
hysteresis loop is measured (the measurement field) is denoted H,. The process is then repeated (commonly
100-200 times) for a range of reversal fields H,. All the obtained partial hysteresis loops together can be
written as M(H,, H,). The FORC distribution p(H,, H,) is defined as the mixed second derivative of M, that is,

102M(H,, H,)

H, Hy) = —1 2 a o)
p(Ha:Hyp) = =35 9H,0H,

M

Normally the FORC distribution is plotted in a rotated coordinate system H. = (H, — H,)/2, H, = (H, + H,)/2
as a contour plot, the FORC diagram. In this set of coordinates, noninteracting, aligned (with the field axis)
SD particles all plot along the H, = 0 axis, and in this case H, corresponds to the coercivity of the particles,
that is, the field that is required to switch an SD particle. The H, coordinate can loosely be interpreted as an
interaction field.

2.2. Why Thermal Fluctuations Appear in FORC Diagrams

FORC diagrams are often interpreted in terms of Preisach theory: the sample is assumed to be composed of
a large number of elementary square hysteresis loops, called hysterons (Figure 1a). Each hysteron, roughly
representing an aligned SD particle, has a given microscopic coercivity Hy. The microscopic coercivity corre-
sponds to the energy barrier that needs to be overcome in order to make a magnetic particle switch into the
opposite state, that is, in case of a SD grain, to rotate its magnetic moment into the opposite direction. Tradi-
tionally, it is assumed that all this energy is provided only by the applied field H, in the hysteresis experiment,
in which case H, = H, and the hysteresis loop follows the thin black lines (Figure 1a). In this case, the hysteron
would plot on the H, = 0 axis of the FORC diagram (indicating the absence of interactions), and the H, axis
would indicate the actual microscopic coercivity.

In fact, however, thermal fluctuations provide an additional energy H, to the system. This allows the hysteron
to switch states at a reduced applied field H, = Hy — H,, following the thick red line (Figure 1a). Hence, when
measuring a FORC, the hysteron would switch into the lower branch at a field H, that is smaller than the
microscopic coercivity Hy. Similarly, the hysteron will switch back into the upper branch at a field H, that is
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Figure 1. Schema of elementary square hysteresis loops (hysterons). Thin lines indicate hysterons as assumed by
Preisach theory, thick red lines indicate the effect of a thermal fluctuation field Hg: (a) symmetric timescales imply that
thermal fluctuations are equal on both sides of the loop; (b) asymmetric timescales imply that thermal fluctuations have
different magnitudes on the two sides of the loop (see text for further explanations); (c) schema of thermoviscous
effects of a single grain (hysteron) with microscopic coercivity Hy in a first-order reversal curve diagram: gray areas
correspond to gray areas in (a) and (b), red dot correspond to red lines in (a) and (b), blue areas are explained in section
6 of the main text.

slightly smaller than H. As thermal fluctuations are a statistical process, not all grains switch exactly at the
value, but grains switch gradually over a range of H, and H,, as indicated by the shaded gray area in the
schema. Quantitatively, the thermal fluctuation field is given by Néel (1949) for aligned noninteracting SD

particles
2H, kT In(t
Hy (o VoM, T, 1) = o | 2T I 70) )
”OVMS

where k is the Boltzmann constant, T is temperature, t is the time the field (either H, or H,) is applied for, 7, is
the atomic attempt time, i, is the vacuum permeability, V is the particle’s volume, and M is the spontaneous
magnetization. In the FORC diagram, a particle will therefore not plot at its microscopic coercivity on the H,
axis, but rather at a reduced value by H,, that s, offset slightly to the left (Figure 1c). Moreover, a set of identical
particles will not only plot at one value, but rather over a spread out area centering at Hy—H,,, up to a maximum
of Hi. Also, because of the statistical nature of thermally activated switching, there will be a vertical spread in
the FORC diagram in the H, direction: some particles will switch at a value of H, close to H, but a value of H,
much below H,, and vice versa. If H, # H, then H,, # 0, such that some grains will plot above and below the
H, = 0 axis (Figures 1a and 1c).

2.3. Time-Asymmetric FORCs: Visualizing Thermal Fluctuations

While it is clear from the above considerations that thermal fluctuations appear in any FORC diagram in the
form of a spread both along the H, and the H, axes, this spread is neither easily noticed visually nor easily
quantifiable. We propose a new protocol that we call TA-FORCs: FORCs that are measured on asymmetric
timescales, that is, a different timescale for the application of the reversal field H, than for the measuring field
H,. The effect of asymmetric timescales on hysteresis loops is illustrated in Figure 1b: the field H,, is held for an
extended time t, (in practice, this may be of the order of 100 s). The partial hysteresis loop is then measured
during a much shorter timescale, holding the measuring field H, for some shorter time t, (in practice, this may
be a fraction of a second). From equation (2), it then follows that the thermal fluctuation field will be different
in these two cases, H,(t,) and H,(t,), respectively. Hence, the particle will switch into the lower branch of
the hysteron at a comparably small reversal field H, = Hy — H,(t,) but will only switch back into the upper
branch at a comparably high measuring field H, = Hy — H,(t,). The effect of this is an apparent shift of the
hysteron to the right, which manifests in the FORC diagram as an upward shift along the H, coordinate by
Hy = (Hy(t,) + Hy(t,))/2 (Figure 1c). Moreover, because of the additional (thermal) energy added into the
system on the H, side, the whole loop gets narrower; that is, H, is further reduced compared to the above
time-symmetric (TS) case: H, = Hy, — H,,.

These theoretical principles are investigated both numerically and experimentally in this study. The focus
is on magnetite and titanomagnetite assemblages, the manifestation of thermal effects in their FORC dia-
grams and the possible use cases of TA-FORC diagrams. First, some exemplary (titano) magnetite assemblages
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Table 1
Sample Characterization of Simulated and Experimental Samples
Sample Type v M; N H, TAH,

(10724 m3) (kA/m) (mT) (mT)

Magnetite Simulation 34 480 0.24 20 8
TM60 Simulation 25 200 0.24 20 3-4
Elongated Simulation 15 480 0.5 20 10
Rounded Simulation 11.2 480 0.1 20 3
TC04-12-05 Experiment ~3 420 0.4 ~2 5
TC04-12-06 Experiment ~4 420 0.4 ~5 7
TC04-12-07 Experiment ~7 420 0.43 9 6
TC05-9.0-14 Experiment >7 420 043 55 1
Magnetite powder Experiment 65 480 0.13 20 0

Note. V = Average grain volume; N = shape demagnetizing factor; H. = approximate coercivity of the
peak in the TS-FORC; TA H,, = approximate vertical shift in the TA-FORC. Grain sizes for Tiva Canyon
samples are rough estimates from the various sources of literature given in the main text.

were numerically modeled to obtain simulated TS- and TA-FORCs, and second, well-characterized natural and
synthetic samples were measured and compared to the simulations.

3. Samples

3.1. Tiva Canyon Tuff Samples

The Tiva Canyon Tuff samples are widely considered a set of natural standard samples due to their narrow grain
size distribution of noninteracting low-Ti impure magnetite SD grains. They have been described and charac-
terized well by many studies (e.g., Berndt et al., 2015; Berndt, Paterson, et al., 2017; Chang et al., 2014; Jackson
etal., 2006; Schlinger et al., 1988; Till et al., 2011). The Tiva Canyon Tuff is a stratigraphic sequence with increas-
ing magnetite grain sizes from the base toward the top, starting with SP grain size and ending with small
PSD (i.e., vortex states) grain sizes. Grains are needle shaped, and the titanium content roughly corresponds
to TM10. The samples used in this study are TC04-12-05, TC04-12-06, TC04-12-07, and TC05-9.0-14, corre-
sponding to stratigraphic layers from about 1 m above the base to about 1.4 m above the base. TC04-12-05
has the smallest grain size and is approaching SP behavior at room temperature, TC04-12-06 and TC04-12-07
have larger grain sizes and show low-coercivity SD behavior, and TC05-9.0-14 has the largest grain sizes with
higher-coercivity SD behavior, but may contain some PSD grains (i.e,, vortex states). Estimates for the grain
sizes of the TC04-12 samples are in the area of 3-7 x 10724 m3 (see above references, Table 1).

3.2. Interacting Magnetite Powder Sample

A synthetic sample of SD magnetite powder was prepared and studied. Commercial magnetite powder by
Wright Instruments, product number 4000, with a mean particle size of 50 nm was used. Yu et al. (2002) have
determined the size of this powder to be 65 + 36 nm, with an axial ratio of 1.5 + 0.4 (corresponding to a shape
anisotropy factor N of about 0.13 (Stacey & Banerjee, 1974). The same powder has been used in many other
rock magnetic studies (e.g., Muxworthy et al., 2005). The powder was mixed into a polymer and compressed
into a 5-mm cylindrical solid sample. No other effort than gently stirring the powder was made to disperse the
magnetite grains, such that the grains are expected to strongly clump together due to their magnetostatic
interactions.

3.3. Simulated Samples
In addition to experimental study, we simulated two scenarios of magnetic mineral assemblages that are likely
to be representative of some natural cases of geological importance.

3.3.1. Simulated Magnetite Plus Titanomagnetite

The first scenario represents samples containing either magnetite grains, or titanomagnetite (TM60) grains, or
a mixture of the two. Mixtures of magnetite and titanomagnetite are common in nature, in particular, in basalts
where they form through exsolution to contain large Ti-rich grains and small Ti-poor grains (e.g., Zhou et al.,
1997,2000). Moreover, it has recently been shown that such mixtures may give rise to complex paleomagnetic
behavior (Berndt, Ramalho, et al., 2017); hence, it is important to detect such mineralogies. A set of three
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Figure 2. Simulations of TS and TA-FORC diagrams for an assembly of magnetite grains (a-c), titanomagnetite grains
(d-f), and a mixture of the two (g-i). The left column shows the TS-FORC diagrams (t, = t, = 125 ms), whereas the
middle and the right columns show TA-FORC diagrams with a reversal field hold time of t, = 50 s and 350 s,
respectively. The measuring time t, was set to 0.125 s in all cases. All simulated FORC diagrams are unsmoothed. All
plots use the same axes, color scale is normalized by the maximum peak. FORC = first-order reversal curve; TS =
time-symmetric; TA = time-asymmetric.

simulations was run: (1) a pure magnetite assemblage, (2) a pure TM60 assemblage, and (3) a mixture of the
two. In order to show the different thermoviscous effects of these two minerals, parameters of the two grain
assemblages were chosen to have similar coercivity distributions: a lognormal distribution from SP to 40 mT,
with a peak around 20 mT (Table 1 and Figure 2). The grain size distributions are shown in Figure S1 in the
supporting information. Additionally, in the supporting information, simulations are shown using the same
grain size distributions rather than the same coercivity distributions of the two minerals.

3.3.2. Simulated Rounded Plus Elongated Magnetite

The second modeled scenario of geological importance is the case of grain populations of the same mineral
but of different shapes. This may be highly relevant in environmental magnetism, for example, when assess-
ing contributions of different sources in a sedimentary record. Depending on the origin (e.g., biogenic and
detrital), grains may be more elongated, symmetric, rounded, irregular-shaped, etc. This gives rise to different
shape demagnetizing factors N, and therefore to different microscopic coercivities Hy, affecting the thermal
fluctuation field in equation (2). This was tested in simulations of two populations of magnetite grains: one
with a large shape demagnetizing factor, corresponding to strongly elongated needle-like grains, and one
with a small shape demagnetizing factor corresponding to round, almost equant particles (Table 1). Again,
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Figure 3. Simulations of time-symmetric (t, = t, = 125 ms) and time-asymmetric FORC diagrams (t, = 50 s and

t, = 350 s, respectively) for an assembly of elongated grains with shape demagnetizing factor N = 0.5 (a-c), rounded
grains with shape demagnetizing factor N = 0.1 (d-f), and a mixture of the two (g-i). All plots use the same axes; color
scale is normalized by the maximum peak.

the grain size distributions were chosen such that both populations had similar coercivity spectra, peaking
around 20 mT (Figures S1 and 3), but in the supporting information, additional simulations are shown using
the same grain size distributions rather than the same coercivity distributions.

4. Methods

4.1. Numerical Model

Pike, Roberts, and Verosub (2001) simulated FORC diagrams including thermal fluctuations by simple forward
integration of an assemblage of SD particles under application of an external field H, thatincreases over small
time steps At = t,, starting from the reversal field H, up to a large positive field. At each time step, H, is
slightly increased, and the thermal relaxation over the time t, of the particles is calculated from Néel (1949)
SD theory. The updated magnetization M is then calculated and the process is repeated. Recently, Lanci and
Kent (2018) extended this model to account for randomly oriented Stoner and Wohlfarth (1948) particles.
Here, we have reproduced the model of Pike, Roberts, and Verosub (2001) of aligned SD particles. While ran-
domly aligned particles are more realistic, aligned particles are sufficient to produce most important features
discussed above, in particular, the vertical thermal spread. We used this model to simulate TS and TA-FORCs.
The only difference between the two is that thermal relaxation was calculated for an extended hold time ¢,, at
the reversal field for the TA-FORCs. For all simulations, it was assumed that the microscopic coercivity is dom-
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Table 2
FORC Settings Used to Measure Experimental TS and TA-FORCs
Sample Tiva Canyon Magnetite powder
Sample type (low-coercivity SD) (interacting SD)
FORC type TS TA TA TS TA
Pause reversal t,, 125 ms 50s 350s 125 ms 200s
Averaging time t;, 120 ms 120 ms 120 ms 120 ms 120 ms
Hp1 -20mT -50 mT
Hpo 20 mT 50 mT
Heq omT omT
He 40 mT 100 mT
Hyer 750 uT 1mT
Neorc 114 207
Heat 1T 1T
Slew rate 1T/s 1T/s
Pause calibration 1s 1s
Pause saturation 1s 1s
Smoothing factor 2-35 5
Total time 0:40 hr 2:20 hr 12 hr 1:50 hr 13:20 hr

inated by shape anisotropy through the relationship Hy, = NM,, where N is the shape anisotropy factor. This
assumption holds well for magnetite and titanomagnetite. For other minerals, for example, hematite, which
are dominated by other anisotropies (e.g., magnetoelastic) this assumption does not hold (however, the con-
clusions would be the same as long as one chooses H, appropriately). Magnetostatic interactions were not
modeled—all the grains in the ensemble are perfectly noninteracting.

4.2. Experiments

In order to verify our theoretical predictions, a set of FORC experiments was performed. FORCs were measured
on Princeton VSMs at the Institute of Rock Magnetism. The FORC measurement settings were chosen to coin-
cide with the simulations as far as possible (Table 2), although due to time constraints some of the TA-FORC
were settoonly t, = 200 s. The increased hold time t, means that TA-FORCs take longer to measure than their
TS counterparts; however, for modest t,, TA-FORCs do not take excessively long (e.g., the 50-s TA-FORCs took
2:20 hr, Table 2). FORCs were measured at very high resolution, with a spacing of 750 pT of H, fields (1 mT for
the synthetic magnetite sample). Three sets of samples were measured: the first sample set consists of four
Tiva Canyon Tuff samples containing noninteracting SD magnetite (with low-Ti impurity), the second was the
sample of strongly interacting synthetic SD magnetite powder, and a third sample that is presented in the
supporting information was a natural SD hematite sample. The experimental FORCs were smoothed using
a locally weighted regression smoothing (LOESS) algorithm (Harrison & Feinberg, 2008) with smoothing fac-
tors between 2 and 3.5 for the Tiva Canyon samples and 5 to 6 for the hematite and the synthetic magnetite
powder samples.

5. Results

5.1. Simulation of Magnetite and Titanomagnetite

The TS-FORCs of the magnetite and TM60 ensembles (Figure 2, left column) all show the peaks around 20 mT
on the H, = 0 axis, as is expected for the modeled SD grain distributions. Notably, Figure 2a shows a relatively
large vertical spread of H, ~ +5 mT. In this case, the vertical spread is exclusively due to thermal fluctuations,
and it is important not to misinterpret such a spread as being due to magnetostatic interactions (no magne-
tostatic interactions were included in the model; Pike, Roberts, & Verosub, 2001). In the same way, commonly
observed features such as a positive signal at the origin (superparamagnetic (SP)/SD grains relaxing while the
field is switched from negative to positive) and a positive signal along the H, = 0 axis in the bottom half of
the diagram (SD grains relaxing at the reversal field), also appear in our simulations and are already known to
be caused by thermal relaxation (Pike, Roberts, & Verosub, 2001). Additionally, our TS-FORC simulations show
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Figure 4. Experimental TS and TA-FORC diagrams for three different fine-grained Tiva Canyon samples from different
stratigraphic layers with different magnetic grain sizes. Figures at the top show the finest grain size, figures at the
bottom show the largest grain size. All plots use the same axes; color scale is normalized by the maximum peak.

the strong dependence of these thermal fluctuation effects on mineralogy, where the effect is much more
pronounced for magnetite compared to TM60, according to the much larger V in equation (2).

The TS-FORC of the mixture of magnetite and TM60 (Figure 2g) appears very similar to the pure magnetite
TS-FORC. This is because the magnetite and the TM60 peaks are almost identical, and that their FORC diagrams
therefore overlap completely. The magnetite signal therefore completely swamps the TM60 signal, and it is
difficult, if not impossible, to recognize the presence of the two very different minerals with very different
grain sizes. The difficulty detecting such mixtures may be a problem as Berndt, Ramalho, et al. (2017) have
shown that the TM60 may have an important effect on directional paleomagnetic field reconstructions. While
TM60 may be detectable in M(T) curves, this may also be difficult due to the magnetite swamping the TM60
signal with its much higher M..

The picture changes dramatically in TA-FORCs, which show a pronounced upward shift of the magnetite signal
of up to 8 mT (middle and right columns in Figure 2 and Table 1). This upward shift is accompanied by the
already known shift to lower coercivities (e.g., Lanci & Kent, 2018). The TM60 also shows an upward shift, but
with much lower magnitude of only 3-4 mT. Again, the difference is due to the lower responsiveness of the
large-grained TM60 to thermal fluctuations. In the simulation of the mixture this has the effect that the two
minerals no longer overlap in the TA-FORCs. Rather, two distributions with separate peaks, one for magnetite
at high H,, low H,, and one for TM60 at low H,, high H_, are visible. The larger the time-asymmetry (i.e., the
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Figure 5. Experimental TS and TA-FORC diagrams for a fourth, larger-grained Tiva Canyon sample. All plots use the same
axes; color scale is normalized by the maximum peak.

longer the reversal field hold time t,)), the more pronounced the separation gets, although even for a relatively
slight time asymmetry, the effect is rather pronounced.

5.2. Simulation of Elongated and Rounded Grains

Also, as in the first simulation, one of the assemblages—the strongly elongated one—shows a significant
amount of vertical spreading due to thermal fluctuations, whereas the other—the rounded one —shows very
little. Also, the elongated grains are highly responsive to TA-FORCs, shifting upward by up to 10 mT in the
350-s diagram, while the rounded grains shift upward by only about 3 mT (Table 1). The similarities between
the magnetite/TM60 grain populations and the elongated/rounded grain populations can easily be explained
by equation (2): in the former case, M; is varied, whereas in the latter case Hy is varied; H, depends on the
square root of both. Moreover, for the modeled coercivity spectrum, both the pure magnetite grain and the
elongated grain distributions have smaller grain volumes than the TM60 and the rounded ensembles. As in
the magnetite/TM60 case, a mixture of elongated and rounded grains (bottom row in Figure 3) produces a
TS-FORC where the two populations completely overlap, whereas the two are clearly distinguishable from
each other in the TA-FORCs.

5.3. Tiva Canyon Tuff Samples

Figures 4 and 5 show experimental TS- and TA-FORCs of the Tiva Canyon samples, with the smallest grain
sizes at the top and the largest at the bottom. The left column shows TS-FORCs that appear as they are
expected, showing increasing coercivities from top to bottom, starting from mostly SP to clear SD behav-
ior. The TA-FORCs show a pronounced upward shift for all but the largest grain sizes of ~5-7 mT (Table 1).

a) Magnetite Powder TS-FORC b) Magnetite Powder TA-FORC 200 s

YT i .

e b ' , 1

05
=

E, 0
=3
I

05

H_ [mT] H_ [mT]

Figure 6. Experimental TS and TA-FORC diagrams for the synthetic sample of strongly interacting SD magnetite powder.
All plots use the same axes; color scale is normalized by the maximum peak. Note the stretched vertical axis.
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The largest grain size, TC05-9.0-14, shows an upward shift, too, but of only ~1 mT. The smaller shift is to be
expected because of the larger grain volumes.

Interestingly, the smallest grained sample, TC04-12-05 very clearly shows the effect predicted for mixtures in
the simulations: the TA-FORCs show two clearly discernible peaks, one showing a strong upward (and left-
ward) shift by 5-7 mT, and one showing no shift at all, lying on the H, = 0 axis with a 10-15-mT coercivity. It
may be argued that similar peaks appears in a similar location in the larger-grained samples TC04-12-06 and
TC04-12-07, although less pronounced, possibly due to some overlap with the upward-shifted main peak.

5.4. Interacting Magnetite Powder Sample

Both TS- and TA-FORCs (Figure 6) show the strong magnetostatic interactions of the sample. In stark contrast
to the Tiva Canyon samples, the magnetite powder shows a dispersion in H, direction of more than 50 mT,
even though the peak of the FORC distribution does not have a much higher coercivity (H. & 20 mT). Also
in stark difference to the Tiva Canyon and hematite samples, no upward shift is visible in the TA-FORC. There
may be a very slight (1-2 mT) shift toward lower coercivities along the H, axis, but this is not clearly visible
due to experimental noise and smoothing.

6. Discussion

Both simulations and experiments confirm the predictions from theory: thermal fluctuations manifest them-
selves in TS-FORC diagrams as a vertical spread and in TA-FORC diagrams as an upward shift of the FORC
distribution. This adds to a series of other, previously described thermal fluctuation effects in TS-FORC dia-
grams, that should be reiterated here for completeness. Afterward, the proposed new method of TA-FORCs
will be discussed.

6.1. Thermal Fluctuation Effects in TS-FORCs

Thermal fluctuations in FORC diagrams were first modeled by Pike, Roberts, and Verosub (2001), who also
described most of the observed effects qualitatively. The same effects were also observed and described
recently by Lanci and Kent (2018) who additionally described thermal effects in randomly aligned particles.

First, and most widely known, is the SP peak at the origin of the FORC diagram (Figure 1c). The peak is due
to grains that are just at the boundary between SP/SD. As they are (almost) SP, these grains align into the
applied field direction (almost) immediately after changing the orientation (i.e., the sign) of the applied field.
As they are close to SD, however, they do so with a slight delay, and if this delay is just of the same timescale
as the instrument takes to reverse the field (from an H, that is just below 0 to an H, that is just above zero), it
produces a signal in the FORC distribution at the origin of the diagram.

Second, a related effect is the signal along the H. = 0 axis in the bottom half of the diagram, due to a time
lag of grains approaching their equilibrium state for the reversal field H, (Figure 1c). This signal occurs if the
field is reduced from saturation to the reversal field H,, and the grains at the SP/SD boundary approach the
respective equilibrium state with a slight delay. Then when the field has reached H, and is already being
increased into a H, value that is slightly above H, (i.e., H, = H, — H, = small), these grains are still relaxing
into the H,, equilibrium state, rather than the H, equilibrium. At the next measurement interval, these grains
have already relaxed into their H, state and follow the field while ramping up; hence, the signal only appears
very close to the vertical axis H, = 0.

Third, the same effect occurs only very weakly in the top half of the FORC diagram, because the top half
corresponds to positive H, fields (Figure 1c). For negative H, the effectis strong, because grains start at positive
saturation and need to relax into an equilibrium state in the negative direction. If H, is positive, then grains
start from a positive saturation state and need to relax into the equilibrium state for a positive field, which
is given by a Maxwell-Boltzmann distribution from statistical thermodynamics. The two states therefore only
differ in intensity, not in sign and the signal is therefore very weak. Nevertheless, it manifests itself as a slight
bending of the contour lines as they approach the H, = 0 axis, and it can be seen both in the simulations
and in the experimental Tiva Canyon FORCs. Even though weak, this effect can visually be a rather striking
feature, especially in high-resolution FORCs at low coercivities. It is important to note that it may be quite
similar to multidomain (MD) FORC signatures in appearance, even though it is completely unrelated (Pike,
Roberts, Dekkers, & Verosub, 2001). The upward bending of the contour lines is a purely thermoviscous effect
(Lanci & Kent, 2018). MD FORCs can, however, be distinguished, as they spread along the vertical axis in both
directions equally and tend to have larger H, than the FORC diagrams shown in this work.
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Fourth, a vertical spreading is observed (gray areas in Figure 1c). This spread can be rather significant with con-
tour lines appearing as far as 10 mT away from the H, = 0 axis. The spread is due to the statistical natures of
thermal relaxation: grains with a microscopic coercivity of Hy should switch at a reversal field of H, = H, — H,,
but may in fact switch anywhere close to H, ~ Hy — H, up to H, > Hy. Similarly, the same grains should switch
back at H, = Hy — H,, but in fact some of them switch anywhere close to H, ~ Hy — H, up to H, > Hy. Hence,
H, = H,—H, clusters around zero, but can be anywhere close to zero. The same type of spreading occurs in the
horizontal (H,) direction in the FORC diagram but is less obvious, as it is common for log-normally distributed
grain populations to show a horizontal spreading. For the vertical spreading, however, it is important not to
misinterpret it as a magnetostatic interaction field. In appearance, this vertical spread is similar to the vertical
spread that is commonly observed in magnetostatically interacting grains (Figure 6). The spread here is, how-
ever, exclusively due to thermal fluctuations. Formally, the thermal fluctuation field H, is in fact equivalent
to a global interaction field H,,,, such that in TS-FORCs the two are theoretically expected to have the same
effect. Experimentally, it was observed that for very strongly interacting samples like the magnetite powder,
the vertical spread can be much larger than the thermal fluctuation spread, which may potentially allow to
distinguish the two in some cases.

6.2. Visualizing Thermal Fluctuations: TA-FORCs

While many of the features observed in TS-FORC diagrams are due to thermal fluctuations, as Lanci and Kent
(2018) pointed out, they are hard to be analyzed, as they either manifest themselves in a similar way to other
rock magnetic phenomena of interest (magnetostatic interactions, PSD, etc.), or simply reduce the observed
coercivity H, (i.e., a left-shift) and are hence indistinguishable from low H, particles. TA-FORCs provide a direct
way to resolve many of the ambiguities and to separate thermal fluctuation effects from others and to gain a
much more detailed insight into a sample’s magnetic composition.

Theoretical considerations as well as simulations indicate that TA-FORCs should show an upward shift of the
FORC distribution. This shift is due to the increased energy provided by the thermal fluctuation field during
application of the reversal field H,. As the thermal fluctuation field is added to H,, it actually causes a fact both
in H. and H, direction, that is, both upward and leftward, but visually the upward motion is most obvious
(Figure 1c). From equation (2) it can be seen that this shift varies with the square root of the microscopic
coercivity Hy, the volume V (inversely) and the spontaneous magnetization M (inversely). Hence, the shift
has different magnitudes for two grain populations that differ in (1) shape, or (2) grain size (i.e., volume), or (3)
mineral type (i.e.,, M). The simulations have confirmed this reasoning, with grain populations of magnetite +
TM60, as well as populations of elongated and rounded grains being clearly separated in TA-FORC diagrams
due to their different magnitudes of the shifts.

Experimentally, the effect is confirmed by both the Tiva Canyon samples and the hematite sample (supporting
information), both of which contain mostly noninteracting SD grains. The similarity, in particular, between the
three finer-grained Tiva Canyon samples and the simulations for magnetite (Figure 2) are striking. Indeed, the
parameters used for the simulations are roughly comparable to the Tiva Canyon samples (Table 1), although
the Tiva Canyon samples contain TM10 (M, ~ 404 kA/m), not pure magnetite (M, = 480 kA/m). The good
agreement between simulations and experiments suggest that the TA-FORC method should have the poten-
tial to quantitatively fit experimental data to simulated TA-FORC data to find best-fit values for grain size,
coercivity, and spontaneous magnetization (however, it should be noted that as equation (2) depends on all
three of these parameters, but FORCs are only two-dimensional, the system is still underdetermined, and only
two out of the three can be uniquely determined). This compares to traditional TS-FORCs that strictly speak-
ing determine one of these: they only estimate the coercive force H,, which loosely relates to the microscopic
coercivity Hy, neglecting the thermal fluctuation fields (which can be larger than Hy). A future quantitative
analysis framework should therefore provide a wealth of additional information compared to TS-FORCs.

6.2.1. Potential of Distinguishing Grain Populations in a Single Sample

One of the most intriguing use cases of TA-FORCs may be their potential to separate FORC distributions of
mixed grain/mineral populations in a single sample: while all grain populations tend to center around the
H, = 0 axis in TS-FORCs and therefore tend to completely overlap and possibly swamp the other signal, in
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TA-FORCs, different grain populations tend to plot in different areas in H, direction, according to their different
thermal fluctuation fields H,. In principle, the FORC signatures of two grain/mineral populations in a single
sample could thus be studied independently, either qualitatively by visual inspection of the FORC diagram,
or quantitatively by methods such as FORC-PCA (Channell et al., 2016; Harrison et al., 2018; Lascu et al., 2015;
Roberts et al., 2018). Theoretically, it was shown that this should work for grain populations differing in grain
size, grain shape, coercivity, and/or spontaneous magnetization. The ability of TA-FORCs to separate mixtures
of different grain populations may be relevant for studies of paleomagnetic field reconstruction of igneous
rocks that often contain mixtures of magnetite, TM, and/or other iron oxides. Vector demagnetization plots
of such samples may often be misleading (Berndt, Ramalho, et al., 2017), and TA-FORCs provide a way to (1)
detect such mixtures and (2) possibly quantify them.

Another use case would be the application of TA-FORCs to sedimentary samples that contain magnetic parti-
cles from different sources, which may contain biogenic magnetite, detrital magnetite, magnetite inclusions
in silicate crystals (Chang et al., 2014, 2016), etc. Separating these contributions is a major challenge in current
environmental magnetism. Even though significant progress has already been made, for example, by using
PCA (Channell et al., 2016; Harrison et al., 2018; Heslop et al., 2014; Lascu et al,, 2015), TA-FORCs potentially
provide a much more direct way of separating different signals even from a single sample or might be used as
additional input data for a future PCA method. Given that the different sources in sedimentary records have
distinctly different grain shapes and sizes, this should be a prime use case of TA-FORCs.

6.2.2. Potential to Detect Magnetostatic Interactions

Strikingly, it has been observed that the vertical shift completely disappears in the strongly interacting SD
sample 6. This may potentially be a powerful method to distinguish interacting from noninteracting SD grains:
traditionally, all vertical spreading in TS-FORC diagrams is interpreted as magnetostatic interactions (if there
are no PSD/MD grains; Roberts et al., 2000, 2014). This work (also, Lanci & Kent, 2001, 2018) has shown that
in TS-FORCs vertical spreading can also be caused by thermal fluctuations, such that interacting and non-
interacting samples are not necessarily distinguishable. Experimentally, it was found that TA-FORCs show a
clear shift in addition to the spread for noninteracting particles but not for the strongly interacting sample.
This could be used to uniquely resolve the ambiguity around magnetostatic interactions in FORC diagrams.
From the current work it is unclear, how strong (or weak) of magnetostatic interactions are necessary to sup-
press the vertical shift. It is conceivable that even weak interactions of, say clusters of just a few SD grains
each may be enough to suppress the shift, in which case TA-FORC would be much more sensitive for detec-
tion of weak interactions than TS-FORCs, or if only strong interactions suppress the shift. Hence, whether the
suppression applies only to strongly interacting samples or also to weakly interacting samples will need to
be further investigated, but in either case TA-FORCs may yield additional information about magnetostatic
interactions compared to TS-FORCs. Another unanswered question is whether the strong interchain interac-
tions of magnetosome chains created by magnetotactic bacteria affect TA-FORC diagrams: these chains are
known to collectively appear like a noninteracting elongated SD signal along the central ridge in the FORC
diagram (Egli et al., 2010); however, much less is known about their thermoviscous properties in FORC dia-
grams. Itis conceivable that their thermoviscous behavior in TA-FORC diagrams provides an additional means
to recognize and/or characterize magnetofossils.

6.2.3. Potential to Study Remanence Behaviour

Until recently, FORC diagrams were generally considered a tool to study domain states: SD, PSD, MD, and
interacting SD samples all have their characteristic features in FORC diagrams. Much of the paleomagnetic
community is, however, rather interested in remanence behavior of their samples: how do samples acquire,
retain and demagnetize thermal remanent magnetizations, viscous remanent magnetizations, etc.? The ques-
tions are answered by Néel (1949) theory of thermal fluctuations of SD particles (for the lack of generally
accepted theories of thermal fluctuations in PSD, MD, and interacting particles). TA-FORCs have the potential
to bridge the two: they show both domain states (along with their characteristic properties like coercivity dis-
tribution), and the thermal fluctuations that are responsible for the remanence behavior of the sample (also
compare; Zhao et al., 2017). As H, depends in the same way on In (t/7,) and on the temperature T, the obser-
vations from TA-FORCs at extended timescales t, are directly analogous to the sample’s behavior at elevated
temperatures T. Hence, in principle, by studying TA-FORCs, remanence behavior of a sample can be predicted.
This would be a big step forward in developing methods such as nonheating paleointensity methods (e.g.,
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Muxworthy & Heslop, 2011), that currently rely on model assumptions to infer a sample’s behavior at elevated
temperature from hysteresis experiments at room-temperatures.

6.2.4. Application to the Tiva Canyon Samples

Even though the Tiva Canyon samples are commonly considered to have a very narrow grain size distribution
and uniform mineralogy, the TA-FORCs, especially for the fine-grained samples, clearly showed exactly the
effect predicted theoretically for mixtures (Figure 4): two almost separate signals with different vertical shifts
in the TA-FORC diagrams. The origin of the nonshifted signal is not quite clear, but several explanations are
possible. One possibility is that while the samples are approximately TM10, there may be some grains with
slightly higher titanium content, and some with slightly lower titanium content. Grains (or different areas of
a single grain) with different titanium content are common in nature due to exsolution of the titanium. The
thermal fluctuation field is rather sensitive to changes in spontaneous magnetization (i.e., titanium content)
such that this might explain the two distinct signals in the Tiva Canyon TA-FORCs: one shifted (upper) peak
due to lower titanium content titanomagnetite and one almost unshifted (lower) peak due to higher titanium
content titanomagnetite.

Another explanation could be the presence of magnetostatic interactions. As it was found experimentally
that magnetostatic interactions may completely suppress the vertical shift, it could be that while most of
the grains in the samples are noninteracting, there may be some grains that do have magnetostatic interac-
tions, for example, through clustering. These interactions might suppress the shift for these (clustering) grains,
giving rise to the two separate TA-FORC peaks: one shifted peak due to the noninteracting grains and one
unshifted peak due to clusters of grains. This reasoning may be more compelling than two different TM pop-
ulations because of the fact the one of the peaks in the measured TA-FORCs lies almost exactly on the H, = 0
axis, whereas for two TM populations, at least a weak shift would still be expected. It is possible that even
weak interactions caused by small clusters of only few particles completely suppress the shift of these clus-
tering grains. Note that independently of the question of how strong the interactions need to be to suppress
the shift, it is clear that the two distinct peaks have to be due to two distinct populations of grains (i.e., one
interacting, one noninteracting, or one weakly interacting, one strongly interacting)—if all the grains were
experiencing the same level of interactions, then the whole FORC distribution should move (or not move) in
the same way, rather than splitting up into two peaks.

7. Conclusions

The present work demonstrated that the wealth of information contained in FORC diagrams used is yet far
from exhausted. While presently FORC diagrams are mainly used to assess domain states and interactions
only, they also contain information about the thermal fluctuation fields of the sample’s magnetic constituents.
These provide insight into properties such as spontaneous magnetization, grain volumes, grain shapes, and
microscopic coercivities of the magnetic particles. TA-FORCs provide an easy way to make this information
accessible by visualizing thermal fluctuations as an upward (and leftward) shift in the FORC diagrams, as
opposed to magnetostatic interactions that are symmetric around the H, = 0 axis both for TS and for
TA-FORCs. Measuring TA-FORCs is as easy as measuring a traditional TS-FORC and only requires changing the
hold (pause) time at the reversal field. In this study, extended hold times of up to 350 s were used, but the
results suggest that even moderate hold times below 50 s, possibly as low as 10-20 s may be sufficient to
obtain a clearly visible shift—this would add only 0.5-1 hr of additional experimental time. The presented
experiments here are in very good agreement with theoretical predictions; future quantitative frameworks
may therefore be able to obtain numerical values for grain volume, shape, coercivity, etc. by numerically fit-
ting experimental TA-FORCs to simulations or by using PCA (Channell et al., 2016; Harrison et al., 2018; Heslop
etal, 2014; Lascu et al,, 2015). Moreover, TA-FORCs represent a significant improvement over TS-FORCs at dis-
tinguishing noninteracting from interacting signals. Depending on the exact influence of interactions (which
will need to be further studied), this may be of great use for detection and quantification of magnetosomes
in sedimentary records, which are strongly interacting chains of magnetic particles. TA-FORCs extend clas-
sical TS-FORCs by another dimension—time—and therefore multiply the information accessible in FORC
diagrams. Given their simplicity of measurement, they should be a useful new tool for rock magnetists and
paleomagnetists.
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