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Practical Magnetism II: Humps and a Bump,
the Maghemite Song
Dario Bilardello, IRM
The observation
While measuring susceptibility versus temperature
(χ-T) curves upon heating above room temperature (RT),
a peak is sometimes observed between ~150 and 350 °C.
The shape and intensity of the χ-T peak can vary substantially. Most often it takes the form of a gradual increase
which then somewhat levels out before dropping at the
high temperature side, creating an asymmetric plateau (or
pedeplain, to be more exact, Fig.1a, modified after Kontny
and Grothaus (2017)). However, the peak may also be
more subtle and rounded (Fig.1b), and sometimes have a
smaller tip within that, yet maintaining the fundamental
characteristic increase at ~150 and decrease at ~350 °C.
Notably, the feature only appears, or is most prominent,
in weathered samples (e.g. Kontny and Grothaus, 2017).
This behavior is accompanied by other rock-magnetic
observations: in saturation remanent magnetization versus
temperature (MRS-T) curves decreases in magnetization
occur at the corresponding temperatures (Van Velzen and
Zijderveld, 1995), whereas hysteresis properties measured
at different temperatures reveal a decrease in coercivity
(BC, BCR) upon heating (Van Velzen and Dekkers, 1999),
which is accompanied by an increase in high-field slope
while MS remains unchanged.
The details
At first glance, when interpreting the susceptibility
curves without any other knowledge of the sample nor
other rock-magnetic measurements, the peak can be easily attributed to production of new magnetic minerals
with higher susceptibility (magnetite) associated with
alteration of the sample. However, this behavior has been
observed in very different rock-types, from igneous to
sedimentary and even soils, and in conjunction with other
rock-magnetic and microscopic observations.
Production of new magnetic minerals does not
necessarily explain the reduction of coercivity. Infact,
for specimens that possess a large ~150 °C increase in
susceptibility, hysteresis measurements do not show
significant change in saturation magnetization over the
same temperature range, yet they show a large drop in
coercivity and an increase in low-field slope that matches
the ac susceptibility pattern (Fig. 2). Significantly, the
same phenomenon is sometimes observed in pure (but
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Fig. 1. Increase in susceptibility between ~150 and 350 °C for an Andesite specimen (a) and
a Trachydacite (b) modified after Kontny and Grothaus (2017). T1 and T2 mark dercreases in
susceptibility corresponding to the inversion of maghemite and magnetite’s Curie temperature,
respectively, while T V is magnetite’s Verwey transition.

partially oxidized) magnetite samples.
These observations reasonably demonstrate that it is
not the generation of new magnetite that is responsible
for the increase at 150 °C, as would be logical to infer,
for example, in samples containing abundant clay minerals or organic matter (OM), but instead is related to
low-temperature oxidation, with formation of core-shell
structures, and their behavior upon heating during the χ-T
experiments. I further note that these structures are also
abundant in many altered soils and paleosols containing
clays and/or OM (more below).
The explanation
Low-temperature (LT) oxidation of magnetite (Fe3O4)
occurs during weathering at atmospheric conditions,
typically below 50 °C. Upon oxidation the composition
gradually becomes that of maghemite (γ-Fe2O3), the fully
oxidized endmember phase (e.g. O’Reilly, 1984; White
et al., 1994).
The oxidation process starts at the surface of the
grain where Fe2+ is oxidized to Fe3+ by either addition of
oxygen or loss of Fe2+. Oxidation continues as a solidstate diffusion process that is driven by the oxidation
gradient, leading Fe2+ to diffuse from the interior of the
grain to the surface and leaving behind a vacancy in its
place. The process is temperature dependent and is very
slow at room temperature (Askill, 1970). The end result
is a strong oxidation gradient close to the grain surface,
leading to the formation of an oxidized maghemite shell
around an unoxidized magnetite core (O’Reilly, 1984).
Further liberation of core Fe2+ ions to the surface or to the

cont’d. on
pg. 15...

1

Visiting Fellow’s
Reports
Pairing paleointensity results with coercivity spectra: providing support for
selection criteria
Yiming Zhang
UC Berkeley
yimingzhang@berkeley.edu
A few days into the new year of 2020, I arrived in
Twin Cities, Minnesota for the ﬁrst time, with an exciting
rock magnetic project to be conducted at the Institute for
Rock Magnetism. My research was focused on developing
paleomagnetic data from the 1.1 Ga Beaver River diabase
and its anorthosite xenoliths of the Beaver Bay Complex
from the North Shore of Lake Superior, Minnesota. Before
this trip, I had been developing directional and intensity
data at the paleomagnetism lab at UC Berkeley. With
the help of rock magnetic experiments at the IRM, I was
hoping to decipher the cause of a variety of paleointensity
results of my samples.
Retrieving paleomagnetic information from Precambrian rocks can aid in our understanding of the long-term
evolution of the geodynamo. A recent paleointensity study
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by Sprain et al. (2018) reported a ca. 1.1 Ga paleomagnetic
ﬁeld strength similar to today based on the volcanics of the
Midcontinent Rift System (MRS). That study suggested
that this result is consistent with models wherein this time
period of the Proterozoic is characterized by a strong geomagnetic ﬁeld. However, to further evaluate the evolution
of the geomagnetic ﬁeld during the Precambrian, more
paleointensity data are needed.
The hypabyssal intrusions of the ophitic Beaver River
diabase (BRD) and the Ca-rich anorthosite xenoliths that
it hosts are the targets of this study. The diabase contains
abundant Fe-Ti oxides which are dominant carriers of
paleomagnetic information. The nearly pure anorthosite
xenoliths have potential for paleomagnetic investigation
because plagioclase hosts can protect the exsolved magnetic minerals from post-formation alteration (Tarduno
and Cottrell, 2005), and thus may faithfully record paleointensity information at the time of formation. A typical
outcrop of anorthosite xenolith residing in the diabase
and a hand sample of the anorthosite are shown in Fig.
1(A, B). Preliminary petrographic analyses show that the
anorthosites are dominantly monomineralic with recrystallization textures (Fig. 1C). Crosscutting relationships
together with high-precision geochronology dates from
Swanson-Hysell et al. (2019) bracket the age of the BRD
to be between 1091.61 ± 0.14 Ma (the age of the younger
Silver Bay intrusions) and 1093.94 ± 0.28 Ma (the age of
the Palisade rhyolite).
Most thermally demagnetized anorthosites and alternating ﬁeld (AF) demagnetized diabase specimens have
minimal secondary components and their magnetization
is interpreted to be dominated by a primary thermal
remanent magnetization. Characteristic magnetizations
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Fig. 1: (A) A typical outcrop of an anorthosite xenolith residing in the Beaver River diabase. (B) A hand sample of anorthosite. The large reflective
face at the bottom center is a cleavage plane of a centimeter-size plagioclase crystal. The scale is 9 cm in total. (C) Cross-polarized light image of
an anorthosite thin section. The second order birefringence of plagioclase indicates a high Ca content. The closely packed plagioclase crystals show
recrystallization texture. (D) High-magnification SEM image of Fe-Ti oxides exsolved from a pyroxene crystal included in a plagioclase crystal. (E)
Large, interstitial magnetite-ilmenite intergrowths between two plagioclase crystals. (F) A large Fe-Ti oxide grain with magnetite-ilmenite intergrowths
next to a pyroxene in diabase. an: anorthite; px: pyroxene; mag: magnetite; ilm: ilmenite.
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Fig. 2: (A) Site-mean directions of anorthosite and diabase plotted on an equal-area plot. (B) Calculated VGPs from the anorthosite and diabase plotted
in context of a previously synthesized ca. 1.1 Ga Laurentia APWP from the Midcontinent Rift volcanics (Swanson-Hysell et al., 2019). VGPs from
both lithologies fall close to the 1095 Ma pole position. (C) Example Arai plots for diabase. Most diabase and many anorthosite specimens were rejected
by selection criteria due to the zigzagging behavior shown in the diabase example plot. (D) Example Arai plots for anorthosite. A typical anorthosite
specimen that passes selection shows a straight Arai plot with a high paleointensity estimate before cooling rate correction. Note both specimens in
(C) and (D) show dominantly single component magnetization in the inset orthogonal plots. The estimated field intensity is not cooling rate corrected.

from both lithologies yield indistinguishable site-mean
directions and the virtual geomagnetic poles (VGPs) fall
close to the 1095 Ma pole from the synthesized APWP of
Swanson-Hysell et al. (2019), which is in agreement with
the geochronological constraints (Fig. 2).
I conducted a comparative study of modiﬁed IZZI paleointensity experiments on both the diabase and anorthosite,
with a group treated with low-ﬁeld AF demagnetization
after each in-ﬁeld step and another group without. Paleointensity experiments for most diabase specimens result
in non-ideal Arai plots often with poor pTRM checks,
making them difficult to interpret for paleointensity estimates (Fig. 2). The experiments conducted on anorthosite samples, on the other hand, had a high success rate
of > 50%. Moreover, the resulting success rate for the
anorthosite group with the AF treatment is even higher.
The straighter Arai plots are likely due to the AF steps
mitigating the exhibition of pTRM tails often associated
with non-ideal behavior of multi-domain grains that are

demagnetized by the pre-treatment step. However, as the
nearly pure anorthosite samples did not display dramatic
alterations that are easily detectable with common petrographic techniques, a question rises as why some of the
compositionally similar anorthosites passed the paleointensity selection results and some did not.
At the IRM, I was seeking the answer to this question with the help of the vibrating sample magnetometer (VSM) systems, including a newly installed Lake
Shore VSM which greatly helped improve measurement
resolution on samples with weak magnetizations (Fig. 3).
Backﬁeld demagnetization experiments were conducted
and used to develop coercivity spectra (Fig. 3). The spectra were subsequently modeled to ﬁt for the distributions
of different populations of magnetic particles using a
similar procedure as Maxbauer et al. (2016). Most spectra
can be well approximated with models with one or two
components with overlapping coercivity ranges (Fig. 3).
The dominance of single-component distributions from
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to a dominant population of large interstitial Fe-Ti oxides
that are more likely to form multi-domain grains, which
have been observed in both the anorthosite and diabase
(Fig. 1). In addition, preliminary tests on single anorthosite crystals might suggest that not all single crystals are
necessarily better for paleointensity research when comparing to bulk samples, given their similar low MDFs to
the failed diabase and anorthosite specimens. However,
more single crystal grains with paired paleointensity data
and rock magnetic data may be needed before a general
conclusion can be drawn.
Taken together, the rock magnetic experiment results
support my paleointensity selection criteria in that
specimens that produce straight Arai plots and have MDF
values similar to stoichiometric single-domain magnetite
are preferentially selected. The preliminary paleointensity
results yielded consistent estimates. The cooling ratecorrected site-mean paleointensity estimate is about 40
µT, consistent with results from Sprain et al. (2018) that
the Earth’s magnetic ﬁeld strength at the Earth’s surface
in the late Mesoproterozoic was close to that of today.
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Fig. 3: (A) Backfield measurement data acquired using a Princeton VSM on an anorthosite
specimen. The noise level on the coercivity plot is high, and a heavy smoothing is needed
to make subsequent coercivity modeling interpretable. (B) Backfield measurement data
acquired using a Lake Shore VSM on the same specimen as in (A). The inset coercivity
unmixing plot shows that the much smoother initial backfield curve resulted in a tight
single-component model. (C) Box plot of distribution of the median destructive field of all
measured specimens. The anorthosite specimens that pass selection criteria have distinctly
higher median destructive field (MDF) than other groups.

the unmixed coercivity spectra likely suggests minimal
alterations or formation of secondary magnetic mineral
within the samples. By compiling the values of median
destructive ﬁeld (MDF) from all measured specimens
and categorizing them in terms of their sister specimens’
paleointensity results, I found that the anorthosite samples
that pass paleointensity selection criteria have distinctively
higher MDF values than those that do not (Fig. 3), and
all diabase specimens have low MDF values like those of
the non-ideal anorthosites (Fig. 3). The higher MDFs (~60
mT) of the anorthosites are similar to what is typical of
stoichiometric, single-domain magnetite grains which are
favored for paleointensity experiments. Furthermore, the
low MDFs displayed in other specimens could be linked
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Rock magnetic properties of PaleoceneEocene sediments from the Piceance
Creek Basin, western Colorado
Daniel P. Maxbauer
Department of Geology, Carleton College
dmaxbauer@carleton.edu
Deposition during the Paleocene and Eocene in the
Piceance Creek Basin of western Colorado records dynamics associated with the Paleocene-Eocene Thermal
Maximum (PETM, ~56 Ma) – a global warming event
associated with massive perturbations to the carbon
cycle (McInerney and Wing, 2011). Fluvial systems in
the Piceance Creek Basin changed during the PETM in
ways that suggest discharge in river systems increased
due to stronger seasonal rainfall events and/or increased
mean annual precipitation (Foreman et al., 2012). Over
the past several years, we have been working to develop
new stratigraphic sections in the Piceance Creek Basin to
develop more robust constraints for paleoclimate change
during the PETM. One area of focus is on fine-grained
deposition along the western margin of the basin in order

to constrain paleoenvironmental and paleoclimatic conditions from floodplain environments. In this report, my
aim is to introduce a simple model for paleosol development, share some of the magnetic data my students and
I collected during two trips to the IRM (one as a visiting
fellow in August 2019), and discuss how the rock magnetic properties help to reinforce our interpretations of
pedogenic environments.
Depositional setting and paleosol types
Paleocene-Eocene deposits in the Piceance Creek
Basin are assigned to the Wasatch Formation, which is
subdivided into the Paleocene Atwell Gulch Member and
Eocene Molina and Shire Members. The Atwell Gulch
consists of lithofacies that are characteristic of fluvial,
paludal, and lacustrine systems (Donnell, 1969; Johnson
and Flores, 2003). Fine-grained deposits in the Atwell
Gulch consist of organic-rich shales and paleosols. The
brown-black shales are interpreted to be swamp, paludal,
and shallow lake deposits (Donnell, 1969; Johnson and
Flores, 2003; Foreman and Rasmussen, 2016). Paleosols
are common and often associated with variable amounts
of yellow, brown, and red mottling features. In the Molina
Member, fluvial sand bodies and crevasse splay deposits
are more common and paleosols develop atop overbank

Fig. 1: Paleosols in this study are represented by five end member types that can be represented by fine-grained mudstones with variable pedogenic modifications. Red mudstones represent paleosols that developed in well-drained floodplains with oxidative weathering environments in upland topographic
positions and/or drier climates. Carbonate nodules observed in certain red mudstones are indicative of semi-arid to arid conditions and represent the
driest facies in our sequence. Mottled yellow and grey mudstones form during periods of intermediate drainage that oscillate between oxidizing and
reducing conditions. Grey and darker organic rich mudstones for during poorly drained conditions in lowland topographic positions below or at the water
table or when the climate is most humid. These deposits are characterized by pedogenic features associated with prolonged saturation. The expected
iron oxide mineralogy of each paleosol type is indicated in the horizontal color scale bar. Pedogenic features and general supporting information on
pedogenic environments can be found in Beverly et al., (2018).
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with hematite while soils experiencing intermediate to
poor drainage tend to accumulate more goethite (Kampf
and Schwertman, 1983; Liu et al., 2013). In addition,
many studies have evaluated the controls on magnetic
enhancement in soils and paleosol sequences (reviewed
in Maxbauer et al., 2016a; Orgeira et al., 2011). Magnetic
enhancement is a phenomenon where topsoil magnetic
susceptibility is enhanced relative to lower soil horizons
due to the pedogenic production of ferrimagnetic magnetite and/or maghemite. It is expected that magnetic
enhancement in most systems will increase with more
soil moisture to a certain threshold, where more saturated
soils in humid climates (greater than ~1200 mm of annual
rainfall) have reduced magnetic enhancement (Maher and
Thompson, 1995; Geiss et al., 2008; Balsam et al., 2011).
Here, we use rock magnetic properties to constrain iron
oxide mineralogy of Wasatch Formation paleosols in
an attempt to apply these long-standing relationships to
constrain paleoclimate conditions during the PaleoceneEocene in western Colorado.
Fig. 2: Bulk low-field magnetic properties of Wasatch Formation sediments in the Piceance Creek Basin, western CO. A.) Magnetic susceptibility (χ 465 Hz), B.) anhysteretic
remanenent magnetization (ARM100 mT), and C.) isothermal remanent magnetization
(IRM100 mT) were measured for all study specimens (n = 301). Intervals shaded in grey are
paleosols. Stratigraphic members of the Wasatch Formation are indicated along the x-axis
with stratigraphic height. The dashed horizontal line indicates the approximate location of
the PETM onset determined by field stratigraphic relationships.

deposits that are characteristically red and brown in color.
Our study reports from the western margin of the Piceance
Basin where sand bodies thin and paleosols become more
well developed compared with the basin center. The Shire
Member lies above the Molina Member and contains a
mixture of sand bodies and well-developed red, pink, and
purple paleosols (Donnell, 1969; Johnson and Flores,
2003; Foreman and Rasmussen, 2016).
We assigned well-developed paleosols in our study
area to one of five representative paleosol types (Figure
1) based on pedogenic features described in the field.
The principal variable that controls pedogenic development in this system is drainage (Kraus and Aslan, 1993).
In pedogenic environments that are poorly drained (for
example, swamp or paludal environments), prolonged
periods of saturation encourage reducing environments
that favor iron reduction and gley features to develop in
soils (Roberts, 2015; Beverly et al., 2019). Better drained
environments become increasingly oxidative as soil pore
spaces experience shorter intervals of saturation. Along
this drainage gradient, there are characteristic changes
to soil color, geochemical conditions, and expected iron
oxide mineralogy (see Figure 1). For more information on
paleosol features and relationships between paleosols and
climate and/or environmental conditions interested readers
should refer to a recent review by Beverly et al. (2018).
For the purposes of this report, it is most relevant
to consider how the depositional sequence of paleosol
types are related to iron oxide mineral assemblages. The
relationships between soil-formed iron oxide minerals
and climate has been a topic of interest within the rock
magnetic community for decades. For instance, it is wellknown that better drained conditions should be associated
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Rock magnetic properties of Wasatch Formation sediments
For all specimens in this study (n = 301), mass-dependent magnetic susceptibility (χ, m3kg-1) was measured
in an alternating field of 300 Am-1 at a frequency of 465
Hz. Reported data for χ are the average of four replicate
measurements. Anhysteretic and isothermal remanent
magnetizations (ARM and IRM respectively) were measured for all specimen. ARM was acquired in a peak alternating field of 100 mT with a DC bias of 50 µT. IRM was
imparted with three pulses of a 100 mT DC field. Data for
all bulk properties are displayed in Figure 2 with respect
to stratigraphic height in the Wasatch Formation. There
is considerable variability in bulk properties – however
most paleosol horizons (shaded grey in Figure 2) have
weaker low-field remanence and susceptibility compared
to overbank deposits serving as soil parent material (nonshaded intervals in Figure 2). A notable exception to this
pattern is elevated remanence in paleosols at the base of
the Molina Member (Figure 2) where ARM and IRM are
both enhanced relative to their parent material, despite
susceptibility remaining low.
In order to more effectively interpret bulk magnetic
properties, a subset of samples from well-developed paleosol horizon samples were subjected to measurements
of hysteresis properties and backfield remanence curves in
saturating fields of 1 Tesla using the Princeton Measurement System Vibrating Sample Magnetometer (VSM).
The most notable results from analyzing the hysteresis
and backfield data are reported here in Figure 3. There is
a considerable increase in coercivity for paleosols at the
base of the Molina Member, where coercivity reaches
~400 mT from a background of <100 mT for Atwell Gulch
paleosols. The increase in coercivity is associated with an
increase in the ratio of remanent to saturation magnetization (Mr/Ms; Figure 3). Coercivity distributions for representative samples were derived from backfield remanence
curves and decomposed to help identify magnetic mineral
components (see Maxbauer et al., 2016b). Representative

Fig. 3: Selected results for hysteresis measurements, unmixing, mudstone facies, and RT-SIRM experiments. The leftmost panel shows the stratigraphic height and
members of the Wasatch Formation, along with labeled paleosol horizons A-J. The average coercivity and Mr/Ms ratios for each paleosol horizon are displayed with
grey-filled circles and error bars denoting one standard deviation. Coercivity spectra are displayed with respect to a log field. Color for coercivity spectra match mudstone
facies assignments, where ORM = organic rich mudstone, MGM = mottled grey mudstone, MYM = mottled yellow mudstone, RM = red mudstone, and RMC = red
mudstone with carbonate as described in Figure 1 and in the text. A biplot of Mr/Ms to coercivity is shown in the upper right-hand panel and shows the increasing
dominance of hematite observed in red mudstones at the base of the Molina Member. RT-SIRM experiments are shown in the bottom right-hand panel normalized to
remanence on cooling at 20 K and colored according to mudstone facies. Dashed horizontal lines indicate the Verwey Transition of magnetite (120 K) and the Morin
Transition for hematite (260 K).

coercivity spectra are displayed in Figure 3 – highlighting
that Atwell Gulch paleosols display a mixed mineral assemblage while Molina Member paleosols are dominated
by a single, high-coercivity component.
Magnetic mineral assemblages in Wasatch Formation
paleosol horizons
To better constrain interpretations of magnetic mineralogy from paleosol layers we monitored room temperature
remanence imparted with a 2.5 T field (RT-SIRM) using
a Quantum Designs Magnetic Properties Measurement
System (MPMS) on cooling and warming from 300 K
to 20 K (see Figure 3). None of the paleosol samples
measured showed a strong signature for the Verwey
Transition in magnetite – confirming that the weak susceptibilities observed in paleosols in this sequence are
due to low concentration of ferrimagnetic minerals,
perhaps maghemite. Atwell Gulch paleosols appear to be
dominated by goethite (see Figure 3), which demonstrates
characteristic doubling of remanence on cooling during
RT-SIRM experiments (Maher et al., 2004). Although,
nanomaghemite often behaves similarly to goethite
(Smirnov and Tarduno, 2000; Carter-Stiglitz, 2006) and
is likely the low-coercivity component observed in the
Atwell Gulch. Further, the only sample to display a slight
transition around 225 K is a mottled-grey-mudstone in
the Atwell Gulch (paleosol “B” in Figure 3), which likely
reflects contributions from nanohematite. Molina Member
paleosols generally display slight increases in remanence
on cooling and lack appreciable change across the Morin
(hematite) or Verwey (magnetite) transition temperatures.

Increase in remanence on cooling and reduced or absent
Morin transitions are noted from modern red soils and
in Paleocene-Eocene paleosols from the Bighorn Basin
(Maher et al., 2004; Maxbauer et al., 2016c). Taking the
results of both VSM and MPMS measurements together,
we interpret the increased coercivity and Mr/Ms observed
in Molina paleosols to indicate a magnetic mineral assemblage that is increasingly dominated by hematite (top right
panel of Figure 3) while magnetic properties in the Atwell
Gulch reflect a more mixed combination of iron oxides.
Implications for Paleocene-Eocene paleoclimate
The rock magnetic data reported here support interpretations of drainage conditions based on field observations of mudstone facies in the Wasatch Formation. The
Atwell Gulch is primarily dominated by a mixed-magnetic
mineral assemblage dominated by goethite and a lowcoercivity component (maghemite) that reflects both
the multi-colored pedogenic mottling features observed
in the field and poor drainage conditions of swamp and
paludal environments. There is a rather abrupt shift to
more well-drained paleosols at the base of the Molina
Member – which is associated with a shift to red paleosol
units that are dominated almost entirely by hematite, with
the general absence of any low-coercivity component.
The shift to well-drained, hematite dominated paleosols
at the base of the Molina is reflective of a shift in early
Eocene paleoclimates to more arid conditions. Drying in
the early Eocene in the Piceance Basin is consistent with
paleoclimate proxy records from the nearby Bighorn
Basin (Wing et al., 2005; Kraus et al., 2007). In addition,
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these findings support an overall arid to semi-arid climate
punctuated by intense seasonal rainfall as the driving
mechanism for fluvial system changes in the basin center of the Piceance Creek Basin (Foreman et al., 2012),
rather than an overall increase in moisture. The lack of
any appreciable low-coercivity component in the Molina
Member further suggests dry climates where pedogenic
production of magnetite/maghemite (and thus, magnetic
enhancement) is limited (typical of climates with annual
rainfall less than ~500 mm; Maher and Thompson, 1995;
Geiss et al., 2008).
Ongoing work for this project aims to further constrain
paleoclimate change in the earliest Eocene through additional geochemical proxies along with continued sedimentological work and the development of additional stratigraphic sections to further evaluate these interpretations.
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Figure 2. VSM data versus temperature (note both °C and K scales) acquired by Mike Jackson at the IRM on a Bishop Tuff specimen during two progressive (red and green
symbols) and one repeat (cyan) heating cycles (blue symbols are the measurements on cooling after the first heating step). A) Mass-normalized low-field slope (χ0) showing
the characteristic, non-reversible peak; B) coercivity data showing the sudden decrease in BC coincident with the increase in χ0; C) Saturation magnetization (MS) remains
~constant over the temperature interval across which both the susceptibility peak and the drop in BC occur, despite a decrease in MS between the two heating curves to 600 °C.

magnetite-maghemite interface is expected to be hindered
as the oxidized shell becomes thicker with time (Ge et al.,
2014).
In soils, the slow rates of diffusion (10−12 – 10−20 cm2/s,
Sidhu et al., 1977; Tang et al., 2003) are further limited
by the low temperature and circumneutral pH. The coreshell model was recently adopted by Ahmed and Maher
(2018) for soils and paleosol sequences. They observed
the presence of thin rims (1–4 nm thick) of amorphous
Fe-bearing oxide material (interpreted as an oxidized
maghemite shell) around the magnetite nanoparticles,
and used the model to explain the stability of nanoscale
magnetite particles over time periods exceeding 5 My
(Fig. 3). Specific to soils, magnetites are typically coated
with clay minerals, which form strong barriers to oxygen
transport to the particles’ surface, and in time become the
rate-limiting factor of the oxidation process.
Maghemite has the same crystal structure as magnetite
(inverse cubic spinel) but the unit cell is smaller, so that
upon oxidation the shell shrinks and is stretched over the
core producing cracking. The resulting stresses act to
increase the coercivity of the grain (e.g. Özdemir et al.,
1993), making it more stable with respect to thermal activation and/or external magnetic fields, which is reflected
in heightened unblocking temperature and suppression of
magnetic susceptibility (Van Velzen and Dekkers, 1999).
The surface oxidation model was introduced to
explain the behaviour in single domain (SD) grains
(Knowles, 1981; Housden and O’Reilly, 1990), but the
same surficial cracking also occurs in multi-domain (MD)
particles (Appel, 1987). In magnetite the effect is easily
produced under normal atmospheric conditions, and unless the temperature is increased or the conditions become
more oxidizing, the core-shell structure may persist over
geological time, as modeled by Ahmed and Maher (2018)
for nanoparticles. According to Askill (1970) the diffusion
constant for Fe2+ in the crystal is 12 orders of magnitude
higher at 150°C than at room temperature, although other
studies indicate much smaller increases with temperature
(Gapeev and Gribov, 1990, see also Fabian and Shcherbakov, 2020); this leads to a reduction of the large oxidation
gradient built up by low-temperature oxidation, and if no

further oxidation or reduction occurs at the grain surface,
the heating promotes diffusion of iron and vacancies,
leaving a more homogeneously oxidized grain with a low
overall oxidation degree, i.e. the average oxidation degree
of the thin oxidized shell and the large unoxidized core. In
other words, the heating step anneals the stress within the
maghemite shell and reduces the coercivity of the grain.
For a more in-depth discussion of the annealing of point
defects from the magnetite and titanomagnetite lattice, the
reader may refer to studies of the magnetic after-effects
(MAEs) (e.g. Castro and Rivas, 1999; Walz et al., 2007,
and references therein).

Fig. 3. Shrinking-core model simulation of the soil magnetite oxidation reaction by Ahmed
and Maher (2018). (A) Schematic representation of a reacting soil ferrite particle (initial
particle radius R0) with unreacted magnetite core (rc), maghemite oxidation rim and an
associated clay film (at t0, R0 = rc). (B) Shrinking-core model simulation using pH = 8.0,
PO2 = 0.001 atm, T = 15 °C, air-filled porosity (θ) = 0.5, and variable R0 between 5 and
20 nm. (C) Shrinking-core model simulation using R0 = 10 nm, T = 15 °C, PO2 = 0.001
atm, θ = 0.5, and variable pH between 3.0 and 9.0.
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Fig. 4. Cycled incremental measurements of temperature dependence of magnetic susceptibility, normalized with respect to the initial value, of the andesite sample from
Fig. 1a, measured in argon atmosphere in a) 25 °C steps up to 250 °C, b) in 50 °C steps from 250 to 500 °C (Figure from Kontny and Grothaus (2017)).

The practicality
It was proposed by Van Velzen and Zijderveld (1995)
and Van Velzen and Dekkers (1999) that the post heating
coercivity likely reflects that of the grain before oxidation
(the OG) and that mild heating may therefore be used
as a tool for determining the effects of low temperature
oxidation. Van Velzen and Zijderveld (1995) further excluded that the decrease of the coercivity cannot be due
to other factors, for example demagnetization of goethite
during the same heating step. Likewise, low-temperature
oxidation may result in overlap of the coercivity spectra
of oxidized magnetite and those of hematite and goethite,
and heating to 150 °C can reduce the overlap aiding in
discrimination between these phases. Short of inverting
to hematite, pure maghemite of course is fully oxidized
and, therefore, cannot increase its coercivity further:
heating to 150 °C may thus help to discriminate between
maghemite, oxidized magnetite and magnetite (Van Velzen
and Dekkers, 1999) and can be very useful in conjunction
with the observation of the characteristic “humps” in the
RTSIRM cooling and heating curves of maghemitized
samples (Özdemir and Dunlop, 2010).
Back to the χ-T> RT curves, segmented incremental
heating and cooling runs are particularly informative.
Fig. 4 shows such an experiment performed by Kontny
and Grothaus (2016) for the same specimen reported
in figure 1a. The specimen is a shocked andesite that is
visibly fractured (at least microscopically) and contains
titanomaghemite. The experiment was performed in argon atmosphere to limit oxidation upon heating. For this
specimen, the irreversible increase in susceptibility starts
around 125 °C and ends above ~150 °C, where the curves
become reversible. Above 350 °C the susceptibility starts
to decrease irreversibly, up until 450 °C, and the resulting
peak was termed the “maghemite bump” by these authors.
These features are common across rock types and sediments, and the increase in susceptibility can be entirely
attributed to the annealing of maghemite rim stresses, as
described above, whereas the decrease corresponds to

16

inversion of (ti)maghemite to (ti)hematite (e.g. Stacey and
Banerjee, 1974; Dunlop and Özdemir, 1997). Gimme the
phase with the humps and a bump.
Acknowledgement
I thank Mike for sharing the “maghemite bump” data he
collected (or “beaks” as he refers to them), and providing valuable input and constructive criticism to this short
article. I also thank Bruce Moskowitz for his thorough
review and thoughtful suggestions.
References

Ahmed, I.A.M., Maher, B.A., 2018. Identification and paleoclimatic significance of magnetite nanoparticles in soils, Proc.
Natl. Acad. Sci., 115, 8, 1736-1741.
Appel E., 1987. Stress anisotropy in Ti-rich titanomagnetites.
Phys. Earth Planet. Inter., 46, 233-240.
Askill J., 1970. Tracer diffusion data for metals, alloys, and
simple oxides, IFI/Plenum Data Corporation, London.
Dunlop, D.J., Özdemir, Ö., 1997. Rock Magnetism: Fundamentals and frontiers. Cambridge Studies in Magnetism,
Cambridge University Press, Cambridge, 573 pp.
Fabian, K., Shcherbakov, V.P., 2020. The magnetization of
the ocean floor: stress and fracturing of titanomagnetite
particles by low-temperature oxidation, Geophys. J. Int.,
221, 2104–2112.
Gapeev, A.K., Gribov, S.K., 1990. Kinetics of single-phase
oxidation of titanomagnetite, Phys. Earth planet. Inter., 63,
58–65.
Ge K, Williams W, Liu Q, Yu Y., 2014. Effects of the core-shell
structure on the magnetic properties of partially oxidized
magnetite grains: Experimental and micromagnetic investigations. Geochem Geophys Geosyst 15:2021–2038.
Housden J., O’Reilly W., 1990. On the intensity and stability of
the natural remanent magnetization of ocean floor basalts.
Phys. Earth Planet. Inter., 64, 261-278.
Knowles J.E., 1981. The properties of acicular particles of
(γ-Fe2O3)x(Fe3O4)1-x. J. Magn. Magn. Mat., 22, 263-2662.
Kontny, A., Grothaus, L., 2017. Effects of shock pressure and
temperature on titanomagnetite from ICDP cores and target
rocks of the El’gygytgyn impact structure, Russia Stud.
Geophys. Geod., 61, 163-183.
O’Reilly W., 1984: Rock and Mineral Magnetism, Blackie,

University of Minnesota
John T. Tate Hall, Room 150
116 Church Street SE
Minneapolis, MN 55455-0149
phone: (612) 624-5274
e-mail: irm@umn.edu
www.irm.umn.edu

Glasgow, p220.
Özdemir, Ö, Dunlop, D.J., 2010. Hallmarks of maghemitization
in low-temperature remanence cycling of partially oxidized
magnetite nanoparticles, J. Geophys. Res., 115, K02101,
doi:10.1029/2009JB006756.
Özdemir, Ö, Dunlop, D.J., Moskowitz, B.M., 1993. The effect
of oxidation on the Verwey transition in magnetite, Geophys.
Res. Lett., 20, 16, 1671-1674.
Sidhu P.S., Gilkes R.J., Posner A.M., 1977. Mechanism of lowtemperature oxidation of synthetic magnetites. J Inorg Nucl
Chem 39:1953–1958.
Stacey F.D., Banerjee S.K., 1974. The Physical Principles of
Rock Magnetism. Elsevier, Amsterdam, The Netherlands.
Tang J, Myers M, Bosnick K.A., Brus L.E., 2003. Magnetite
Fe3O4 nanocrystals: Spectroscopic observation of aqueous
oxidation kinetics. J Phys Chem B 107:7501–7506.
Van Velzen, A., Dekkers, M., 1999. Low-temperature oxidation
of magnetite in loess-paleosol sequences: a correction of rock
magnetic parameters, Studia geoph. et geod. 43, 357-375.
Van Velzen A.J., Zijderveld J.D.A., 1995. Effects of weathering
on single-domain magnetite in Early Pliocene marine marls,
Geophys. J. Int., 121, 267-278.
Walz, F., Brabers, V.A.M., Brabers, J.H.V.J., Kronmüller, H.,
2007. Vacancy–interstitial annihilation in titanomagnetite
by thermal annealing, Phys. Stat. Sol. (a) 204, No. 10,
3514–3525 (2007) / DOI 10.1002/pssa.200723005.
White A.F., Peterson M.L., Hochella M.F., 1994. Electrochemistry and dissolution kinetics of magnetite and ilmenite.
Geochim Cosmochim Acta 58:1859–1875.

Quarterly
The IRM

The Institute for Rock Magnetism is dedi-

cated to providing state-of-the-art facilities
and technical expertise free of charge to any
interested researcher who applies and is accepted as a Visiting Fellow. Short proposals
are accepted semi-annually in spring and
fall for work to be done in a 10-day period
during the following half year. Shorter, less
formal visits are arranged on an individual
basis through the Facilities Manager.
The IRM staff consists of Subir Banerjee, Professor/Founding Director; Bruce
Moskowitz, Professor/Director; Joshua
Feinberg, Assistant Professor/Associate
Director; Mike Jackson, Peat Sølheid and
Dario Bilardello, Staff Scientists.
Funding for the IRM is provided by the
National Science Foundation, the W. M.
Keck Foundation, and the University of
Minnesota.

The IRM Quarterly is published four
times a year by the staff of the IRM. If you
or someone you know would like to be on
our mailing list, if you have something you
would like to contribute (e.g., titles plus
abstracts of papers in press), or if you have
any suggestions to improve the newsletter,
please notify the editor:
Dario Bilardello
Institute for Rock Magnetism
University of Minnesota
John T. Tate Hall, Room 150
116 Church Street SE
Minneapolis, MN 55455-0149 .
phone: (612) 624-5274
e-mail: irm@umn.edu
www.irm.umn.edu

Nonprofit Org.
U.S Postage
PAID
Twin Cities, MN
Permit No. 90155

From the IRM
Last month Mike Jackson retired from his position
as polymath Facilities Manager and Research
Professor after 25 unabated years at the IRM.
Please join us in congratulating Mike for his
outstanding scientific achievements and selfless
dedication to the IRM and to the many visitors he
has worked with over this past quarter of a century.
Mike’s relentless genius has been over-arching and
doubtlessy caused a transformative hermeneutic
of rock magnetism and its applications. The legacy
of Mike’s research speaks for itself and no list
would do it any justice: a few highlights include his
seminal contributions to magnetic anisotropy, the
sagacious inclination shallowing corrections, the
dexterous detection of remagnetizations in carbonates and redbeds, the erudite investigation of malleable Curie temperatures in titanomagnetites, the
unparalleled development of an extraordinarily
elegant magnetic thermal fluctuation tomography,
the facile-processing of complex rock-magnetic
data through the monumental IRM database, the
marvelous didactic Quarterly articles, the perceptiveness of listening to baroque music on unfaltering loop, and, of course, the brilliant rediscovery
of pigs drawn whilst-blindfolded. We wish Mike
the very best in his next endeavours and sincerely
congratulate him for his well deserved retirement!
In savagely impartial alphabetical order,
Bruce, Dario, Josh, Max, Peat, and Subir

The U of M is committed to the policy that all
people shall have equal access to its programs,
facilities, and employment without regard to race,
religion, color, sex, national origin, handicap, age,
veteran status, or sexual orientation.
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