Geophysical Journal International

Geophys. J. Int. (2021) 224, 13141325

doi: 10.1093/gji/ggaa516

Advance Access publication 2020 October 28
GJI Geomagnetism, rock magnetism and palacomagnetism

On the distribution of Verwey transition temperatures in natural

magnetites

Mike J. Jackson and Bruce Moskowitz
Institute for Rock Magnetism, Department of Earth and Environmental Sciences, University of Minnesota, Minneapolis, MN 55455, USA.

E-mail: bmosk@umn.edu

Accepted 2020 October 18. Received 2020 September 29; in original form 2020 June 12

1 INTRODUCTION

SUMMARY

The Verwey transition in magnetite is a crystallographic phase transition occurring in the
temperature range 80—125 K and depends on stoichiometry and cation substitution, which may
in turn serve as an indicator of the conditions under which magnetite was formed or altered in
nature. We have analysed the distribution of Verwey transition temperatures (7y) in a large set
of samples (N = 1110) from a wide variety of rocks, sediments, and other natural and synthetic
materials containing magnetite, mined from the database of the Institute for Rock Magnetism
and from published studies. The analysis is restricted to measurements of remanence while
warming through the transition from which 7y was determined by the derivative method. Our
analysis showed that the T distribution exhibited a generally bimodal distribution of Verwey
transition temperatures, both for the entire data set and for almost all of the lithological
subsets. There is a sharp peak for values in the range 118-120 K, and a broad, relatively
flat or polymodal distribution from about 98 to 118 K. The upper end of the distribution
was sharp, with only a few values exceeding 124 K, and the tail on the lower end extended
down to about 80 K. Virtually all of the sample types exhibited polymodal distributions,
almost always with one peak near 120 K, and with one or more additional peaks at lower
temperatures. Biogenic magnetites produced by magnetotactic bacteria had the lowest modal
value of 7y (100 K). Loesses (103.5 K) and igneous extrusives (102.5 K) also had low modal
transition temperatures and distributions with dominant low-7y peaks. Lithological groups
with the highest modal transition temperatures were modern soils (119.5 K), silicate minerals
with exsolved magnetite (119 K) and sedimentary rocks (119 K). Numerical experiments
confirmed that the derivative method for the determination of 7y was reasonably robust and
that the observed distributions cannot be explained as an artefact related to the determination
of Ty from individual thermomagnetic runs but rather is a general characteristic of natural
magnetites. The results provide context for studies that interpret 7y in particular samples in
terms of natural processes or conditions during formation or alteration of magnetite.

Key words: Magnetic properties; Environmental magnetism; Magnetic mineralogy and
petrology; Rock and mineral magnetism.

or cation substitution cause significant decreases in Ty, as well as
strongly diminishing the changes in physical properties across the

The Verwey transition is a reorganization of the magnetite crystal transition.

structure occurring at a temperature 7y in the range 80-125 K,
where the room-temperature cubic inverse-spinel structure trans-
forms to a monoclinic arrangement, and many physical properties
of the mineral (e.g. electrical resistivity, heat capacity, magnetic
susceptibility, remanence and coercivity) change significantly (e.g.
Verwey 1939; Kakol 1990; Shepherd et al. 1991; Muxworthy &
McClelland 2000; Walz 2002). The temperature of the transition
depends strongly on stoichiometry. For pure magnetite (Fe;04), Ty
is ~125 K (Walz 2002), and small amounts of cation deficiency

© The Author(s) 2020. Published by Oxford University Press on behalf of The Royal Astronomical Society. All rights reserved. For

Cation deficiency can originate either by high-temperature
(>1000 K) oxidation during initial crystallization and cooling (e.g.
Aragon & McCallister 1982; Senderov et al. 1993) or by maghemi-
tization at ambient or moderately elevated temperature (e.g. Gal-
lagher et al. 1968; Readman & O’Reilly 1971). At high temperature
(T > 1273 K), a small range of non-stoichiometry (Fes(.s[3504
with § not exceeding a few per cent) with vacancy ([J) formation
is possible depending on oxygen fugacity before crossing over the
magnetite—hematite phase boundary (Aragon & McCallister 1982),
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and a wide range of cation substitutions are possible (e.g. the titano-
magnetite solid solution Fe;_, Ti,O4 with 0 < x < 1). Data from syn-
thetic single-crystal magnetites with controlled high-temperature
non-stoichiometry show that 7y decreases progressively with in-
creasing concentration of vacancies or cations, reaching 80 K when
x or 3§ approaches 4 per cent (Fig. 1). The rate of shift in 7y from
its stoichiometric value is cation dependent and is greatest for Ti**
and Zn>*. A discontinuity in 7y(x) in the data of Honig (1995) at x
or 3§ ~0.012, where the transition temperature drops abruptly from
about 110 to 100 K, was interpreted by that author in terms of a
change in the transition from first order to second order. This pre-
dicts the existence of a gap from about 100 to 110 K, where Verwey
transitions do not occur as a result of high-T oxidation or cation
substitution. However, the reason why non-stoichiometry or cation
substitution abruptly changes the order of the transition is still not
known. From all the available data, the transition also ceases to
occur for substitutions or vacancy concentrations exceeding about
4 per cent, and we are aware of no reported 7y below about 80 K.

At room temperature or moderately elevated temperatures, mag-
netite can oxidize to much higher degrees of non-stoichiometry,
ultimately to maghemite (y-Fe,O; with z=38 = 1/3). Unlike mag-
netite, maghemite has no Verwey transition. Intermediate levels of
low-temperature oxidation are generally thought to involve core—
shell structures with maghemite rims surrounding nearly stoichio-
metric magnetite cores, and transition zones of high oxidation gra-
dients, through which continued oxidation takes place by diffusion
of electrons and vacancies (e.g. Gallagher et al. 1968; van Velzen
& Dekkers 1999; Ozdemir & Dunlop 2010; Chang et al. 2013;
Almeida et al. 2015; Fabian & Shcherbakov 2020). Heating to tem-
peratures above about 150 °C appears to increase the diffusion rate
sufficiently to relax the sharp oxidation gradient, relieving stresses
associated with the lattice mismatch and resulting in a drop in co-
ercivity (van Velzen & Dekkers 1999). Studies on magnetites that
have been experimentally maghemitized to varying extents show
that as the overall degree of oxidation increases, the loss of mag-
netic remanence on warming through the Verwey transition (a) is
diminished in magnitude, (b) shifts to lower temperatures and (c)
occurs over a broader range of temperatures (e.g. Ozdemir et al.
1993; Smirnov & Tarduno 2000; Ozdemir & Dunlop 2010). As
in the case of high-temperature oxidation, vacancy concentrations
exceeding about 4 per cent suppress the transition entirely.

The strong sensitivity of 7y to non-stoichiometry has made it
difficult to determine whether or not the transition temperature also
has an inherent dependence on particle size, especially in the nano-
metric range, since smaller particles oxidize more easily due to their
higher surface/volume ratios. Lee ef al. (2015) synthesized a set of
nanocrystalline magnetite samples with mean particle sizes rang-
ing from 5 to 90 nm, and found a strong apparent size dependence
over that interval (Fig. 2). They assert that their nanocrystals are
stoichiometric due to the control of fO, by appropriate mixing of
CO and CO, during synthesis. The nanoparticles of magnetite have
Ty values still within the range found for single crystal specimens;
however, for the smallest sized particles (<10 nm), 7y values fall
within the 100-110 K single crystal gap. Other published 7 data
for synthetic magnetites of known particle size are uncorrelated
with size and are presumably affected by imperfect stoichiometry
(Fig. 2).

Other factors that have been shown to affect the transition tem-
perature include applied pressure as well as non-hydrostatic and
internal stresses (Rozenberg et al. 1996; Carporzen & Gilder 2010;
Coe et al. 2012; Bialo et al. 2019). The sensitivity of transition-
related magnetic behaviour to factors including particle size, defect
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density, stoichiometry and stress allows us to make nuanced inter-
pretations of the chemical and physical characteristics of magnetite
populations in natural materials, and in some cases to make in-
ferences about their mode of genesis (e.g. Carporzen et al. 2006;
Carporzen & Gilder 2010; Engelmann ef al. 2010; Kasama et al.
2010; Ozdemir & Dunlop 2010; Church et al. 2011; Smirnov &
Tarduno 2011; Chang et al. 2013; Kasama et al. 2013; Mang &
Kontny 2013; Chang ef al. 2016).

In this study, the first of its kind, we compile the probability
distribution of Ty in a large set of samples comprising a wide
variety of rocks, sediments and other natural and synthetic materials
containing magnetite. The results provide context for studies that
interpret 7y in particular samples in terms of natural processes or
conditions during formation or alteration of magnetite. They may
also provide insight into the mechanisms of magnetite oxidation in
nature.

2 METHODS: DATA MINING AND
ANALYSIS

The database of the Institute for Rock Magnetism (IRMDB) con-
tains detailed experimental data from measurements by a few hun-
dred different researchers on a wide variety of materials, with
magnetic moment as a function of applied fields, temperature and
other variables. Among those data are measurements from a va-
riety of low-temperature experiments, mostly conducted on the
IRM’s Quantum Designs Magnetic Property Measurement Systems
(MPMSs) superconducting quantum interference device (SQUID)
magnetometers (MPMS-5S and MPMS-XL), from which 7y can
be calculated for samples that contain magnetite, even in quite low
concentrations, down to a few ppm.

In principle, one can quantify 7y from measurements of rema-
nence or susceptibility while cooling or warming through the transi-
tion, or from more detailed measurements such as hysteresis curves
collected as a function of temperature. For consistency, we restrict
our analysis to measurements of remanence while warming through
the transition, because cooling curves pass through the isotropic
point (7; ~ 130 K for x = 0) before reaching Ty, and the loss
of remanence associated with 7; may be quite large, especially in
multidomain magnetites, due to reorganization of domains and the
change in magnetocrystalline anisotropy (e.g. Hodych et al. 1998;
Moskowitz et al. 1998; Muxworthy 1999; Ozdemir & Dunlop 1999;
Liu & Yu 2004; Dunlop 2006), making 7y less clear. The IRMDB
software allows interactive analysis and calculation of Ty, as well
as the loss of remanence due to warming through the transition,
using the derivative method of Liu et al. (2004), and more than
1000 values of Ty have been computed and stored by visiting or
resident researchers. In a small fraction of the samples where two
or more transition temperatures can be identified, more than one 7y
has been calculated, but for most samples only a single value has
been determined, generally corresponding to the largest derivative
peak. In addition to the IRMDB data (N = 876), 26 legacy data
sets (N = 234) from published studies on synthetic and biogenic
magnetites and loess are also included in the analysis. The com-
plete data set (N = 1110) is provided in the Supporting Information
(Tables S1-S3).

Fig. 3 illustrates the analytical approach, which assumes that the
loss of remanence on warming is due to the superposition of (1)
progressive unblocking over the 20-300 K temperature range [e.g.
due to the transition from the stable single-domain (SSD) to the
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Figure 1. Summary of published data on 7y as a function of non-stoichiometry (8, NS) and cation substitution with various metals [after Aragon (1992),
Honig (1995), Kozlowski et al. (1996), Brabers et al. (1998), Kakol & Kozlowski (2000) and Svindrych er al. (2012)]. Based on magnetic, resistivity and heat
capacity measurements on millimetre-sized, single crystals synthesized at high-temperatures (7> 1273 K) and controlled oxygen fugacity. Grey box indicates
the 7y gap noted by Honig (1995) for NS, Ti and Zn and the marginal distribution is given on the right. Solid lines are best-fit linear trends.

2 4 6 8 10

®0L2015 +B2019 Number of Samples
130 Te ADO2018una ADO2018 ann —
HODM 1993 ES2019
®KF2008 AKMW2011
125
5=0.000 *
120 A A N A A
A n A
8=0.002 ] * |
= 115} = u A |
X A A A | A | [
> | A A
F 110} H HE NHia A A A
|
105
5=0.005
100} o i j_l
95
1 10 100 1000 10000 100000
Size (nm)

Figure 2. Summary of published data on 7y as a function of particle size (<) and non-stoichiometry (). Data for d < 30 nm (L2015) are based on electrical
conductivity (grey) and magnetization (black), and define the exponential curve shown in black (Lee ef al. 2015). All other data are based on magnetization
measurements. The marginal distribution is given on the right. Nearly vertical grey line represents the size-dependent blocking temperature (1) calculated for
spherical particles using the anisotropy constant at 7= 4.2K for the monoclinic phase (K = 25 x 10* ] m—3, Muxworthy & McClelland 2000). Nanocrystal
Verwey transitions are not observed in the superparamagnetic state at temperatures above 7g (i.e. to the left of the black line). Data for d > 100 nm include
ODM (Ozdemir et al. 1993); KF2008 (Kosterov & Fabian 2008); S2009 (Smirnov 2009); DO (Dunlop & Ozdemir 2018, for annealed (ann) and unannealed
(una) samples); B2019 (Barrera et al. 2019); KMW2011 (Krasa ez al. 2011) and show significant variation as a function of cation deficiency with no clear
trend in grain size. Indicated § values are based on the data of in Fig. 1.
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Figure 3. A measured low-T thermal demagnetization curve (a, meas) shows only subtle changes in slope near 7. The transition is more evident in the derivative
curve (b, meas). The ‘background’ remanence loss due to progressive unblocking of other phases (b, bkg) is approximated by polynomial fitting of specified
temperature intervals of the derivative curve, and the difference between the measured and ‘background’ derivative curves gives the spectrum of remanence
loss directly associated with 7 (b, mgt). The integrated background and Verwey-loss derivative curves yield estimates of the isolated demagnetization curves

(a).

superparamagnetic (SP) state in nanoparticle populations of mag-
netite or other magnetic phases] and (2) domain reorganization and
intraparticle remanence rotation in a discrete temperature window
around 7Yy, due to the monoclinic-to-cubic transformation in mag-
netite. In this example the transition is expressed by subtle changes
in the slope of the moment-temperature curve (Fig. 3a, red) which
become more evident in the derivative curve (Fig. 3b, red). The pro-
gressive unblocking is mathematically separated from the discrete
remanence loss due to the transition by fitting a low-order poly-
nomial to the derivative curve over a specified temperature range,
which spans but excludes the narrower range associated with 7y
(e.g. in Fig. 3b, the green curve is a cubic function fit from 65
to 200 K, excluding data between 80 and 135 K). The difference
between the polynomial curve and the remanence derivative curve
gives the temperature spectrum of the remanence loss due to the
transition (blue curve in Fig. 3b), the integral of which is an esti-
mate of the isolated thermal demagnetization curve for magnetite
due to the Verwey transition (Fig. 3a, blue curve). The temperature
ranges and polynomial order are adjusted interactively by the user to
obtain ‘reasonable’ looking curves for the magnetite demagnetiza-
tion and the progressive unblocking (i.e. curves that are monotonic,
and fits that are within the measurement noise, while minimizing
the polynomial degree). The value of 7 is calculated as the location
of the peak of the 7y spectrum, determined as the interpolated zero
crossing of the derivative of the spectrum curve.

The accuracy of the transition temperatures determined in this
way depends on several factors including thermal lag, the accuracy
of the individual temperature measurements, any systematic dif-
ferences between the two MPMS magnetometers, the temperature
increment, the signal/noise ratio and the symmetry or asymmetry of
the 7y spectrum. First, thermal lag may result in an apparent offset
of Ty, related to the temperature sweep rate and the specimen mass
(thermal inertia). The warming rate for the vast majority of exper-
imental runs was 5 K min~' (a de facto standard laboratory proto-
col, which renders any thermal lag insignificant for most samples).

Because the heating rate was the same in most runs, and specimen
volumes and masses were strongly constrained by instrument geom-
etry, we are confident that these factors did not significantly shape
the observed 7y distributions. Second, the temperature measure-
ment accuracy of the two MPMS magnetometers (MPMS-5S and
MPMS-XL) and any systematic differences between the two was
addressed by comparing results from the magnetometers. Queries
in the database were run to compare measurements between the two
instruments (a) for individual specimens that had been run in both
of them and (b) for the full sample set. The first of these compar-
isons addressed the question most directly, since the 7ys obtained
for an individual specimen should be identical for both instruments.
The number of these was relatively small, so the overall distribu-
tion for the full sample set obtained from each instrument was also
compared. In both instances, we found no indication of systematic
differences between the two instruments.

We have evaluated the remaining factors by numerical experimen-
tation, constructing synthetic thermal demagnetization curves with
Gaussian spectra having specified means and standard deviations,
and adding random noise with specified ranges of magnitude. These
synthetic data sets were processed in the same way as the measured
data, and errors were calculated as the difference between specified
and calculated Ty . Details of the numerical procedures are provided
in the Supporting Information (Text S1) and summarized in Section
3.2

3 RESULTS

3.1 Observed distribution of 7y across the sample set and
lithology

Fig. 4 shows the frequency distribution, in 2° bins, of observed 7y
values for the full data set of 1110 low-temperature measurements.
It also shows a smoothed curve as an estimate of the underlying
probability distribution, as well as two best-fit models (which will
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Figure 4. Probability distribution of Verwey transition temperatures. Data from (1) the IRM database, computed from low-temperature remanence measurements
by IRM facility users on a wide variety of natural materials and synthetic analogues and (2) published data. The data set includes Verwey transition temperatures
determined from magnetic (n = 1042), electrical resistivity (n = 38) and heat capacity (n = 30) experiments. See the Supporting Information for data sources.
Solid curves are smoothed approximation of probability density function and best-fit uniform distribution (p < 0.001). Dashed curve is best-fit multicomponent

distribution composed of two Gaussian distributions (p = 0.243).

Table 1. Modal Verwey transition (7y) temperatures for broad categories
of natural and synthetic magnetites.

Material N Modal 71 (K) Modal 73,2 (K)
Biogenic(bm) 82 100 115.5
Dust 53 117.5 104.5
Extraterrestrial(et) 4 121.5 —
Loess/palaeosol 67 103.5 120
Metamorphic rock(mr) 44 116.5 99.5
Silicate crystals(ssc) 15 119 108
Sediment (unlithified, sed) 127 118.5 99
Soil 106 119.5 105.5
Sedimentary rock (sr) 109 119 102
Synthetic powders (smp) 101 109 117.5
Synthetic single crystals (scm) 75 117 94,5
Igneous extrusive (ext) 126 102.5 110.5
Igneous intrusive (int) 121 119,5 103.5
Non-classified (nc) 80 108.5 102
All data 1110 118.5 103

Modal 71 and Modal 7,2 values correspond to the largest and second
largest peak in transition temperature distribution. Samples that could not
be easily grouped into lithological subsets are designated as non-classified.

be described in more detail in Section 3.3): (a) a uniform probability
distribution and (b) a multicomponent model ‘unmixed’ in Mathe-
matica, where each component may be Gaussian, log-Gaussian or
uniform, and in which the number of components is the minimum
determined by the algorithm to be necessary for a statistically ac-
ceptable fit. There is a sharp peak for values in the range 118—-120 K,
and a broad, relatively flat or polymodal distribution from about 98
to 118 K. The upper end of the distribution is sharp, with only a
few values exceeding 124 K, and the tail on the lower end extends
down to about 80 K.

We have classified the sample types for these measurements into
broad categories (Table 1) and isolated the 7y distribution for each
type (Figs 5a and b). Virtually all of the sample types exhibit poly-
modal distributions, almost always with one peak near 120 K, and

with one or more additional peaks or plateaus at lower 7. The bio-
genic magnetites have a very weak 120 K peak, and they have the
lowest modal Ty, 100 K. Loesses (103.5 K) and igneous extrusives
(102.5 K) also have relatively low modal transition temperatures and
distributions with dominant low- 7y peaks, presumably because they
are relatively oxidized or contain minor cation substitutions. Inter-
estingly, however, the loess distribution has a sharp lower bound just
below 100 K. The groups with the highest modal transition tem-
peratures are the soils (119.5 K), silicate minerals with exsolved
magnetite (119 K) and sedimentary rocks (119 K). Although most
of the lithologic subsets exhibit bimodal or multimodal distribu-
tions, the gap observed by Honig (1995) between 100 and 110 K
[seen in Fig. 1 and the single-crystal magnetite (scm) binned fre-
quency plot in Fig. 5b] for high-temperature non-stoichiometry is
not clear in our data.

3.2 Resolution and accuracy of 7Ty determinations

In order to properly understand these results, it is important to con-
sider whether the method of estimating 7% for individual specimens
may introduce some bias or artefacts into the observed distributions.
In the supplementary material, the numerical experiments demon-
strate the following. First, when the isolated low-7 demagnetization
derivative curves (e.g. Fig. 3b) are unimodal and reasonably sym-
metric (i.e. when there is a single dominant 7y with the remanence
loss spread over an interval centred on 7y ), random measurement
noise may shift individual estimates to higher or lower 7, but there
is no systematic bias in any sufficiently large set of such determi-
nations. Similarly, if there are two distinct transition temperatures
in the data for a specimen, and the individual derivative peaks are
adequately separated due to narrow distributions and/or large tem-
perature differences, the larger peak is reliably quantified, provided
noise is not excessive, and again there is no systematic bias in the
estimates. Because the method determines the temperature at which
the derivative is maximum, the ‘larger peak’ is not necessarily the
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Figure 5. (a) Probability distribution of Verwey transition temperatures grouped by type of material: sediments—unlithified sediment (other than loess/soil);
sedimentary rock; sedimentary—combined sediments and sedimentary rock; biogenic—intracellular biogenic magnetite. Curves are smoothed probability
density function approximations. (b) Binned frequency plot of Verwey transition temperatures grouped by type of material: scm—single-crystal magnetite

(synthetic); ign—combined igneous intrusive(int) and extrusive(ext); sed—unlithified sediment (other than loess and soil); s—sedimentary rock; sedy—
combined sed and sr; nc—not classified; et—extraterrestrial; scc—silicate minerals with exsolved magnetite; smp—synthetic magnetite powders; mr—

metamorphic rock; bm—biogenic magnetite. Grey vertical line is median 7, value for all data and numbers on the right indicate total number of 7, values in
each sample set. The scm data set are single-crystal magnetites synthetized at high temperatures (see Fig. 1).
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one associated with the largest loss of remanence (area under the
derivative peak).

When there are two or more populations of magnetites in a sam-
ple, with different 7ys and strongly overlapping derivative spectra,
the derivative peak may not coincide with any of the individual
component 7vys, and in this way some bias may be introduced. For
example, two populations with individual Gaussian 7y spectra hav-
ing significantly overlapping peaks of equal height and equal width
will, even in the absence of measurement noise, yield an estimate of
Ty that is the average of the two component Tys. However, we have
found no scenario by which measurement noise, sampling interval,
or other factors, produce a spurious bimodal or multimodal distri-
bution of apparent 7ys from an underlying unimodal 7y spectrum.
Thus the bi/multimodality of the observed 7y distributions can be
considered a robust result.

3.3 Statistical significance of the observed bimodality

The observed distributions generally appear to be convincingly bi-
modal under visual inspection, but it is preferable to estimate the
significance of this in a quantitative way. Statistical tests for bi-
modality are complicated due to the unknown nature of the under-
lying unimodal distributions, and are sensitive to factors including
whether the underlying distributions are Gaussian, how much they
are skewed, and how much their peaks are separated compared to
their widths (e.g. Jackson ef al. 1989; Frankland & Zumbo 2002,
2009). Nevertheless, it is important to demonstrate that the observed
distributions have some statistical significance, and that they would
be very unlikely to arise, for example, by random sampling from a
uniform probability distribution (i.e. a null hypothesis that 7ys in
natural materials are equally likely to have any value between, say
80 and 125 K). The black curve in Fig. 4 shows a uniform distribu-
tion fit over the full range of measured values; it is obviously a poor
fit to our data, and the calculated probability that the observed data
set could have arisen by random sampling from such a distribution
is vanishingly small (p < 0.001).

However that test does not address the question of whether or
not the observed distribution is truly multimodal or merely non-
uniformly distributed (e.g. a unimodal Gaussian distribution would
also fail the uniformity test). In order to obtain an approximate
measure of the significance of the apparent bimodality, we can
formulate another simple test based on the null hypothesis that
Verwey transition temperatures in natural materials have a uniform
probability distribution between, say, 100 and 124 K (excluding the
tails of the observed distribution for this test). If we divide this
temperature range into 3 equal intervals (100-108, 108-116 and
116-124), we would expect each interval to contain about 1/3 of all
of the measured 7ys under the null hypothesis (po = 1/3). Counts
much higher or lower than that would argue against the observed
values being random draws from a uniform pdf.

For N total samples, the probability of observing » values in any
of the intervals is given by the binomial distribution. In our data set,
945 of the values lie in the interval [100, 124], and thus about 315
would be expected in each bin for random draws from a uniform
probability distribution (<n> = 315). As shown in Table 2, the
low and intermediate 7y ranges contain many fewer samples than
expected under the null hypothesis, and the high 7y range contains
many more. Because of the large value of N, the binomial probabil-
ity density function (bpdf) is quite narrowly peaked, and counts n
deviating so strongly from <n> are extremely unlikely to arise by
chance. The low 7y range contains just 268 of the 945 samples. The

Table 2. Bimodal significance test.

Range Midpoint Count bepf 1-bepf

100-108 104 268 5.80E-04

108-116 112 250 2.88E-06

116-124 120 427 1.64E-14
total N 945

bepf, binomial cumulative probability function.

binomial cumulative probability function (bcpf) indicates that the
probability of observing a bin count of 268 or lower out of 945 sam-
ples is 5.8 x 10 and thus it is clear that the null hypothesis must be
rejected. For the intermediate and high 7y ranges, the counts devi-
ate even more strongly from <n>. The bepfindicates a probability
of only 2.9 x 10~* for observing a count of 250 or lower, as seen
for the intermediate range, and (1-bcpf) indicates a probability of
only 1.6 x 10~!'* for observing a count of 427 or higher, as seen for
the high 7y range. Thus the possibility of the observations arising
from random sampling of a uniform probability distribution is re-
soundingly rejected, but moreover, for the full data set the high-Tvy
range is significantly overrepresented, while the low range and es-
pecially the intermediate range are significantly underrepresented,
supporting the assertion that the distribution is multimodal. We can
repeat the analysis for the two lower-T intervals alone (100-116 K,
N =518, <n> = 259) to evaluate the statistical significance of the
different bin counts representing the lower-7"peak and intermediate-
T range of low occurrence (n; = 268, ny, = 250). The probability
of obtaining counts as high or as low as those by random draws
from a uniform probability distribution are respectively about 20
per cent and 23 per cent, i.e. unlikely but with rather low statistical
significance.

Finally, we used the Mathematica routine, FindDistribution, for
unmixing the observed 7y distributions into sums of compo-
nent Gaussian, log-normal and uniform distributions. This rou-
tine automatically finds the simplest set (minimum number) of
components that provides a statistically acceptable fit to a set
of observations. For the full data set (Fig. 4), and for all but
four of the lithological subsets, two or more components were
required for an acceptable fit (Supporting Information Figs S7
and S8).

4 DISCUSSION

A number of studies over the last 15 yr have noted the co-occurrence
of two distinct 7ys in individual specimens of a variety of materi-
als (e.g. Liu er al. 2004; Carporzen et al. 2006; Mang & Kontny
2013; Carlut et al. 2015; Chang et al. 2016; Longchamp 2019).
In such specimens, as well as in the large collections of spec-
imens in this study, the co-occurrence of distinct 7ys immedi-
ately suggests the coexistence of distinct populations of magnetite
grains with different stoichiometries, cation substitutions, or per-
haps different defect densities and internal stresses. Recognition
of the occurrence of these populations may lead to significant in-
sights into the nature of the material and the processes that have
affected it.

Bimodal 7 distributions observed in individual specimens have
been interpreted in previous work in terms of material properties and
conditions of formation/alteration: (a) in Chinese loess/palaeosol
samples, Liu e al. (2004) attributed low and high 7ys (~108 and
120 K) respectively to fine (oxidized) pedogenic and coarser detri-
tal magnetite fractions; (b) in the Vredefort structure, Carporzen
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et al. (2006) interpreted SD-PSD grains that crystallized during im-
pact as the sources of an observed low 7y (100 K), while a high
Ty (125 K) was associated with PSD-MD grains that formed in
the pre-shock basement; (c) in the Chesapeake Bay impact struc-
ture, Mang & Kontny (2013) found both low and high 7ys (~92
and 122 K) associated with large unshocked MD grains and with
highly shocked magnetites with reduced grain sizes, whereas only
low Tys were found in secondary magnetites formed during or after
the impact; (d) in Archean Banded Iron Formation samples from
Western Australia, Carlut ef al. (2015) found a 120-124 K transi-
tion which they attributed to nearly pure stoichiometric magnetite,
and one around 105-110 K, which SEM and microprobe observa-
tions suggested was related to microbial-induced partial substitution
of iron by silicon; (e) in continental-margin marine sediments for
which FORC data and SEM observations indicated the presence of
significant populations of intact magnetosome chains produced by
magnetotactic bacteria (MTB), Chang ef al. (2016) observed two
prominent 7y values (near 100 and 120 K), which they attributed to
magnetites of respectively biogenic and inorganic origin; and (f) in
pseudo-tachylytes from the South Mountains, Arizona (Longchamp
2019), a low Ty (105 K) and an extraordinarily high 7y (128 K)
are respectively associated with SD and MD particles, as indicated
by the relative magnitudes of field-cooled and zero-field-cooled
remanences (Kosterov 2003; Carter-Stiglitz ef al. 2006); the finer
particles with lower Ty are considered to be neoformed magnetite
grains that crystallized during rapid melt quenching.

Thus, the coexistence of populations with differing stoichiome-
tries suggests different processes or conditions of magnetite for-
mation or alteration, the details of which depend on the geologic
context. Although in several cases the populations are inferred to
have different average particle sizes and domain states, the relation
between Ty and size is indirect; that is, the reduction in 7Ty is not
caused by finer particle size, but rather by higher non-stoichiometry
in the finer population, which is interpreted to have formed under
different conditions.

In the large groups of samples of this study, the bimodality of
the 7y distribution is most conspicuous for the sediments (includ-
ing dust, loesses, soils, other sediments and sedimentary rocks),
with well-defined peaks near 100 and 120 K, and a distinct min-
imum near 110 K. Among these sedimentary groups, all except
the loesses have a dominant peak at 120 K and a subordinate one
at 100; for the loesses the reverse is true. Loesses are generally
considered to contain relatively unweathered detrital magnetites,
whereas the magnetite in soils is commonly thought to be a mix
of more strongly weathered detrital grains and pedogenic parti-
cles formed in situ (Maher & Thompson 1999; Evans & Heller
2003; Liu et al. 2012). The bimodality observed for dust samples,
which come from filter and dust-on-snow sampling (Reynolds ez al.
2014a,b, 2020), may represent mixtures of magnetite from natural
and anthropogenic sources whose properties would be highly site
dependent.

The Ty bimodality in the other sedimentary groups (dust, non-
aeolian sediments and sedimentary rocks) may also in many cases
have a straightforward explanation. Chang et al. (2016) propose
that the occurrence of two distinct 7y temperatures in marine and
lake sediments is a diagnostic signature for the co-occurrence of
biogenic and inorganic magnetite. Our compilation confirms that
MTB magnetosome chains generally have relatively low Ty, com-
monly around 100 K (Fig. 6), as has been noted previously even
for freshly cultured cells (e.g. Moskowitz et al. 1993; Kopp et al.
2006a, b; Moskowitz et al. 2008; Li et al. 2012; Chang et al. 2016).
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The reason for this remains unclear. X-ray magnetic circular dichro-
ism (XMCD) studies (Coker et al. 2007; Lam et al. 2010) found
that intracellular nano-magnetite in magnetotactic bacteria had fer-
rous/ferric cation site occupancy ratios close to that of stoichiomet-
ric magnetite, with a slight excess of ferrous iron. In a variable-
temperature Mdssbauer study on wet-packed cells of MS1 (Mag-
netospirillum magnetotacticum), Frankel et al. (1983) reported that
spectra taken at 200 K indicated some surface oxidation of magne-
tosomes and that 7y occurred between 110 and 130 K. Nevertheless,
given the common occurrence of 7y ~100 K in nearly all of the
material classes of this study, it must be conceded that any relatively
low Ty occurring in sediments may have sources other than MTB,
and the inference that a biogenic magnetite population is present
has some uncertainty attached.

There is an important and heretofore underappreciated caveat to
these interpretations, which we wish to emphasize here: the ob-
served bimodality of transition temperatures in these data sets does
not necessarily require a corresponding bimodality of composition,
because of the possible existence of a discontinuity in 7y(x). In the
original study of Honig (1995), the superposition of the trends for
Tyv(x1i), Ty(xz,) and Ty(38) (Fig. 1) suggested a universal depen-
dence of the transition temperature upon limited cation substitution
and non-stoichiometry, which would in principle allow estimation
of'the deviation from pure Fe;O4 composition by using measured 7y
values. Such an estimation would produce a relatively compressed
distribution of x values, necessarily narrower than the distribution
of Ty values because of the discontinuity in 7y(x). The apparent
universality of Ty (x) was subsequently disproven by additional data
from magnetites doped with Al, Co, Ni and Mg (Fig. 1); Kakol
et al. (2012) suggest the different trends may be related to the fact
that these ions substitute into both the A and B sites, in contrast
to Ti and vacancies (which enter only into B sites) and Zn (which
strongly prefers A sites). In any case, using measured 7y values to
estimate composition would at best be very complicated due to the
different trends for different substituents (Fig. 1). Nevertheless, it
remains true that the distributions of composition may very well be
narrower than those observed for 7y, and may even be unimodal in
some cases.

How then, can we determine the true significance of an observed
bimodality of 7y, in an individual specimen or in a large group
of specimens? Unfortunately, there are various complicating fac-
tors and we are unable to give a simple and universally applicable
answer. One complication is the fact that the ‘Honig gap’ (the tem-
perature interval for which 7ys are not expected to occur based on
high-T'non-stoichiometry experiments, [100,108]), does not exactly
correspond with the intermediate interval in which the observed
frequency of occurrence is relatively low in our data set (approx-
imately [104,116]). This suggests that 7ys in natural magnetites
may be affected by mechanisms not represented in those experi-
ments. For example, natural magnetites may contain several differ-
ent cations and their combined effects may produce 7y values within
the Honig gap. Another important consideration is that whereas the
high-temperature cation-deficient magnetites are homogeneous in
composition, natural partially oxidized magnetites are distinctly het-
erogeneous, with strongly oxidized outer shells surrounding more
stoichiometric cores, and strong intraparticle chemical gradients. A
Ty(z) calibration based on high-7" homogeneous oxidation would
suggest that each particle of magnetite that is partially oxidized at
ambient 7 would have a spectrum of transition temperatures and a
corresponding spectrum of remanence loss while heating; however
that is at or beyond the limits of what can be observed experimen-
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Figure 6. Comparison of Verwey temperatures determined for biogenic magnetites produced by magnetotactic bacteria (dashed line) and for all other
sedimentary magnetites (solid line). Curves are smoothed probability density function approximations.

tally or simulated micromagnetically. We believe it is still likely
that the observed 7y distributions generally contain significant in-
formation on magnetite compositions and on the natural processes
that have influenced them, but interpretations are neither unique
nor universal. The possible existence of a gap in 7y (x) may increase
the sensitivity with which we can detect small changes in compo-
sition, magnifying them into larger differences in 7y. On the other
hand, the difficulty of distinguishing individual peaks in demagne-
tization spectra of samples with strongly overlapping components
means that many of the 7y values obtained may represent weighted
averages of those of the unresolved individual components.

The magnetites that formed in-situ at ambient temperatures, by
pedogenesis and by MTB, generally contain no cations of other met-
als substituting for Fe, and therefore cation deficiency is the only
form of non-stoichiometry in them. In contrast, for the low-7y mag-
netites formed in-situ at high temperatures in meteorite impacts and
in pseudo-tachylytes in earthquake fault zones, cation substitution
may be more common (in part as a result of the large number of
different cations that the spinel structure can accommodate at high
temperatures in igneous systems). Thus there are at least two ways to
account for the frequent occurrence of low 7y s in non-sedimentary
materials.

It is appropriate to wonder whether some of the accumulated 7ys
in our data set may in fact be attributable to other types of critical
temperature that have been incorrectly interpreted as the magnetite
transition. Accelerated remanence loss over discrete temperature
intervals in a similar range may also be produced in titanomag-
netites of particular compositions, by other mechanisms including
isotropic points (where the first magnetocrystalline anisotropy con-
stant changes sign) (e.g. Kakol ef al. 1991; Moskowitz et al. 1998;
Engelmann et al. 2010) and ‘pinning transitions’ (related to ther-
mally activated electron hopping and magnetoelastic wall pinning in
titanomagnetites, Church et al. 2011). Additionally there are other
magnetic mineral systems that have ordering temperatures within
the range of our tabulated 7ys, including chromites (FeCr,0,4) (e.g.

Klemme et al. 2000; Antretter ef al. 2003; Gattacceca et al. 2011),
which could potentially be misidentified as Verwey transitions. Al-
though some small fraction of our tabulated 7ys may be mistakenly
identified as such, we consider it very unlikely that the number
is significant enough to have a discernible effect on the 7y dis-
tributions that we have compiled, because of the limited range of
compositions involved and the general rarity of those compositions
in natural materials.

The derivative method that we have employed for determination
of Ty is reasonably robust but in some cases with multiple transition
temperatures and strongly overlapping ranges, the method yields a
temperature that may not accurately reflect any of the component
populations. For proper identification of coexisting Tys in a single
sample, it is preferable to unmix the temperature spectra in the same
way that coercivity spectra are analysed, and similar to the methods
we have used for the large sets of samples in Fig. 4 and in the Sup-
porting Information. Reanalysis of the individual demagnetization
curves for the large sample set, however, is beyond the scope of this
study.

5 SUMMARY AND CONCLUSIONS

A large sample set, containing a wide variety of lithologies as well as
synthetic magnetites and cultured magnetotactic bacteria, exhibits
a generally bimodal distribution of Verwey transition temperatures,
both for the set as a whole and for almost all of the lithological
subsets. The observed distribution cannot be explained as an arte-
fact related to the methods involved in the determination of 7y for
individual thermomagnetic runs, and we consider it to be a general
characteristic of natural magnetites. Published data on synthetic
magnetites with controlled cation substitutions or cation deficiency
show discontinuities at critical compositions that are thought to
represent a change from first-order to second-order transitions, re-
sulting in gaps in the distribution of transition temperatures for
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those samples. Therefore, our observed broad and bimodal distri-
butions of 7y may not necessarily correspond to equally broad or
bimodal distributions of magnetite composition. Nevertheless, the
transition temperature is a sensitive indicator of magnetite purity,
which may in turn serve as an indicator of the conditions under
which the magnetite formed or was altered.

A significant number of studies have documented the occurrence
of double Verwey transitions in individual samples, and have sug-
gested plausible interpretations involving distinct populations of
magnetite produced by context-specific mechanisms. We endorse
this approach, and extend it to larger sample groups, in which each
sample exhibits a single well-defined 7 while the whole population
displays a broad and multimodal distribution of transition temper-
atures. However we caution against viewing any specific interpre-
tation as universally applicable as (1) the distribution of magnetite
compositions may be significantly more compact than that of tran-
sition temperatures, due to the possibility of a gap in 7y (x) and
(2) a broad and bimodal or multimodal distribution of 7y appears
to be a common feature of almost all natural materials containing
magnetite.
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