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A lot has been written about the frequency-dependence 
of susceptibility (χ) of superparamagnetic (SP) nanopar-
ticles and their (un)blocking peaks below room tem-
perature, to the point that low-temperature peaks of 
both in-phase (χ’) and out-of-phase (χ”) susceptibility 
are most-commonly only described in terms of particles 
within the SP to single domain (SD) continuum (e.g. Till 
et al., 2011; Volk et al., 2018).
	 However, less has been written about the low-tem-
perature susceptibility behavior of multi domain (MD) 
grains, which consistently exhibit low temperature 
frequency-dependent peaks and/or “anomalies” in both 
χ’ and χ”. This behavior was first observed by Iwauchi 
(1976) (Fig. 1), and, as already proposed by Iida et al. 
(1968), the Fe3O4 relaxation below 50 K had been in-
terpreted as the electron transfer between four crystal-
lographically equivalent iron ions (2Fe2+ and 2Fe3+) on 
the octahedral sites in the Verwey ordering of electrons. 
The origin of the behavior has been confirmed since, 
although the mechanism through which it manifests is 
somewhat less poorly understood. In any case, it is use-
ful to provide a short review of the topic to familiarize 
researchers with the existing observations, understand-
ing, and pertinent references.

Magnetic Susceptibility Essential Review
Magnetic susceptibility, k or χ= M / H, where k typically 
denotes dimensionless volume-normalized susceptibil-
ity, often reported in “SI” units, or μSI (= 10-6 SI) and χ 
is mass-normalized, in units of m3/kg, is most commonly 
measured in fields of ~200-300 A/m or less, although AC 
field intensities used in different instruments may range 
from 2 A/m up to 700 A/m. The small fields typically 
applied in general do not cause irreversible magnetiza-
tions, making low-field susceptibility a widely applied 
non-destructive technique to characterize the magnetic 
response of different geological materials.
	 The three classes of magnetic materials are diamag-
netic, paramagnetic and ferromagnetic (comprising both 

Practical Magnetism X: A review of the low temperature 
AC susceptibility frequency-dependence of multidomain 
(titano)magnetite.

ferrimagnetic and antiferromagnetic), and immersed 
in an external field, a rock’s constituent minerals will 
contribute positively or negatively to the bulk magnetic 
susceptibility. Ferromagnetic iron oxides have larger 
susceptibilities than the diamagnetic and paramagnetic 
minerals that make up the matrix and, when present in 
sufficient concentrations, will dominate the susceptibil-
ity response. Consequently, magnetic susceptibility is a 
strongly concentration-dependent bulk property.
	 Unlike in a constant (DC) field, measuring in an oscil-
lating (AF or AC) field H0 e

iωt, where the field varies with 
time as H = H0 cos(ωt), may cause the magnetic response 
to lag behind the field peaks, so that  M = M0 cos(ωt-δ), 
where δ is the phase lag and ω is the angular frequency. 
M can be decomposed into in-phase (“real”) and 90˚ out-
of-phase (“imaginary” or “quadrature”) components: 
M = M' cos(ωt) + M" sin(ωt), where tan(δ)=M"/M' and 
(M0)

2 = M'2 + M"2. Accordingly, AC susceptibility χ is a 

Figure 1: First observation of frequency dependence of “magnetic per-
meability” μ’ for a 19 mm synthetic Fe3O4 sample at ~40 K between 
4.2 and 300 K by Iwauchi et al. (1976): μ’= L’/L0, where L’ is the real 
part of the inductance L0, and the magnetic loss tangent (tan δ)= L”/L’, 
where L” is the imaginary part of L0. Note that the frequencies used 
were 100-500 kHz (not 100-500 Hz, as reported in the figure) and 1 
MHz, as stated in the body of the article and reported in subsequent 
figures.
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Visiting Fellow Reports
Assessing the use of thermal fluctuation 
tomography on resolving the SP/SD 
grain size distribution in London Under-
ground air pollution particulate samples

Hassan Sheikh 
Cambridge University 

has57@cam.ac.uk

Air pollution in indoor settings is not very well charac-
terised. The London Underground is one such microen-
vironment that has high levels of particulate matter (PM) 
air pollution concentrations, marked by the abundance 
(50% of total PM) of iron oxide nanoparticles (Smith et 
al., 2020). We used a combination of magnetic and mi-
croscopy methods to characterise the iron oxide particles 
(Sheikh et al., 2022). Bulk room temperature magnetic 
measurements and first order reversal curves (FORCs) 
indicated the presence of superparamagnetic (SP), single 
domain (SD) and pseudo single domain (PSD) magnet-
ic particles. Scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM) observations 
showed particles had nanoscale dimensions in the range 
of 5-500 nm; many of which were agglomerated to form 
large clusters and only a few were isolated particles. The 
microscopy observations supported bulk experimental 
magnetic results and using low temperature magnetic 
data, we were also able to quantify the superparamag-
netic (SP) size fraction of particles. These are the finest 
particles (<20 nm) in a particulate matter (PM2.5) size 
fraction. 
	 A primary aim for my visiting fellowship was to com-
pare our experimental data with modelled approaches 
to reaffirm the presence of sub-micron sized particles. 
Using Field-Cooled (FC) and Zero-Field Cooled (ZFC) 
remanence experiments performed on a Magnetic Prop-
erties Measurement System (MPMS-3), we had already 
established the absence of Verwey transition in low tem-
perature measurements, hinting at the absence of magne-
tite and a signature of maghemite (Fig. 1). I also wanted 
to assess the amount of superparamagnetic fraction (SP) 
in our samples using Low temperature (LT) SIRM mea-
surements. To quantify the SP contribution, we estimat-
ed ΔM, compared to the total IRM (at 2.5 T and 10 K), 
for the selected sample. This is the difference in rema-
nence between RT-SIRM (10 K) and ZFC curve (at 10 
K). An approach I wanted to test during the fellowship 
was the application of thermal fluctuation tomography 
(TFT) technique (Jackson et al., 2006) on air pollution 
PM filters, which has been attempted here for the first 
time. The idea was to use TFT modelling to determine 
and compare the statistical grain size distribution of the 

very fine magnetic particles below the PM2.5 (particles 
with diameter less than 2.5 micron) size threshold. This 
is to distinguish larger, clustered particles which appear 
to be physically larger in diameter but consist of several 
individual grains of magnetic particles.
	 The SP fraction in our sample was estimated to be 
around 67% (i.e., particles less than 20 nm in diameter) 
using the LT-SIRM data from Fig. 1, making it ideal 
to apply TFT modelling. TFT measurements were per-
formed using a Lake Shore vibrating sample magne-
tometer (VSM) equipped with a Single Stage Variable 
Temperature (SSVT) option. We measured backfield re-
manent magnetisation curves from 0 to 300 mT with a 10 
mT field step between a temperature range of 100 K- 300 

Figure 1: Low-temperature remanent magnetization curves 
for 180487-92. Top: Zero-field cooled (red), and field cooled 
(blue) (ZFC and FC) curves do not show any evidence for Ver-
wey transition or dampened transition (usually seen for surface 
oxidized magnetite). Bottom: RT-SIRM warming (black) and 
cooling curves (green) do not show any evidence of Verwey 
transition at 120-125 K or lower temperatures.
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K at 10 K intervals (Fig. 1)
	 The backfield curves (Fig. 2) were then processed 
to quantify the distribution f(V, Hk) of particle volume 
(V) and micro coercivity (Hk) of the ultrafine particles in 
the sample. TFT (Jackson et al., 2006) follows Dunlop’s 
(Dunlop, 1965) methodology of determining joint distri-
bution for different particle V and anisotropies by using 
temperature-dependent switching field distributions to 
reconstruct f(V, Hk) for ensembles that contain SP and 
SD particles.
	 We used values of maghemite for the model parame-
ters i.e., saturation magnetisation Ms  400 kA/m (at room 
temperature) and Curie temperature (Tc) at 920 K. The 
size and shape distribution of magnetic particles calcu-
lated from TFT for sample 180487-92 gives a mode at 
aerodynamic diameter or length (L) = 114 nm and width/
length aspect ratio (W/L) = 0.57.
	 Low temperature saturation isothermal remanent 
magnetisation (LT-SIRM) warming, and cooling curves 
do not show presence of a Verwey transition, I interpret 
this as the abundance of maghemite.
	 Direct current (DC) backfield remanence curves have 
a total of 1200 datapoints (60 field steps at each of the 
20 temperatures from 100-300 K). These measurements 
involved saturating the samples with a forward-field and 
subsequently applying and removing incremental back-
fields and measuring the magnetic remanence at each 
specific temperature, which magnetises all the grains 
f(V, Hk) which are stable at that temperature. Further 
application and removal of increasingly negative DC 
fields, reverses the moments of grains with distribution 
f(V, Hk) below a blocking contour. The reconstructed 

grain distribution model (900 iterations) for our sample 
shows a wide range of f(V, Hk) distribution, with a mode 
(V, μ0Hk0) = (4.0 × 10−23 m3, and 222 mT) and (w,w/L) 
= (144.9, and 0.574). The mode particle diameter is 
slightly higher than from observations made under the 
TEM but is more consistent with 3D tomography grain-
size data (Sheikh et al., 2022) where the W/L aspect ra-
tio lies closer to the observed aspect ratio. Generally, a 
wide grain size and shape distribution is observed (red 
region), with the head and tail extending over SP-SD 
grain sizes and aspect ratio of 0.20-0.90 (Fig. 2). This 
magnetic grain size distribution is consistent with our 
microscopy data which showed SP/SD particles agglom-
erated to form larger clusters (Sheikh et al. 2022). There 
is a spread of particle size distribution in our example 
(Fig. 2), which (Jackson et al., 2006) has attributed to be 
along the dominant blocking contour orientation.
	 I note that the magnetic results from TFT modelling 
are in broad agreement with experimental data from bulk 
magnetic measurements. However, the Butler-Banerjee 
plot (Fig. 3) does not show any meaningful data below 
the 12 nm length. I believe our results might have been 
more consistent with the microscopy data if the TFT 
measurements were done at lower temperatures of 10 
K to map the entire spectrum of the superparamagnetic 
fraction. A more detailed description of the usage of TFT 
technique in air pollution samples will be discussed in 
a separate publication. The fellowship to IRM allowed 
me to explore the feasibility of the TFT technique on air 
pollution samples, which has not been done before.

Acknowledgements
I would like to thank Dr Maxwell Brown for his immense 
help in performing the experiments and fruitful discus-
sions about the data, without which this would have not 
been possible. I would also like to thank my supervisor, 
Prof Richard J Harrison, who encouraged me to apply 
for the fellowship and explained fundamental concepts 

Figure 2: (a) shows remanent magnetisation as a function of 
applied DC backfield (b) dM/dH vs applied DC backfield. 
Temperature ranges from 100- 300 K at 10 K increments, field 
from 0-300 mT at 5 mT field steps.

Figure 3: Plot of modelled particle length against width/length (1.0 is a cube). 
Distribution of grains calculated using back field remanence curves, distribu-
tion mode and mean are marked on the figure where the mode is more repre-
sentative of the sample.
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of TFT technique. 
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The Hunt for Hemozoin- 2.0

Mallory Cox 
Yale University 

Mallory.cox@yale.edu
	
The scientific community lacks consensus regarding the 
presence of the malaria parasite (Plasmodium spp.) in 
human populations of the ancient Americas before Euro-
pean colonization. Since the early 20th century, the most 
widely accepted paradigm posited that Plasmodium vivax 
(P. vivax) was imported to the New World in the late 15th 
century with European colonizers and that Plasmodium 
falciparum (P. falciparum) was introduced in the 16th 
-19th centuries with the Transatlantic slave trade. Current 
evidence for Plasmodium spp. in the ancient Americas is 
limited to two studies. One study conducted by Gertszen 
et al. (2012) presented strong evidence for the presence 
of P. vivax in mummies from Peru and Chile (1000 BC- 
1400 AD), with the discovery of P. vivax antigens in 40% 
of the livers and spleens analyzed in the study (N=155). 
The other study was my MA thesis, the Hunt for Hemo-
zoin (Cox, 2018), which identified preliminary evidence 
for the heme molecular ion and hemozoin crystal (malar-
ia biomarkers) in a female individual from Puerto Rico 
(900 AD) using mass spectrometry and electron micros-
copy. That individual is part of the collection of human 
remains I am analyzing for my dissertation to investigate 
the presence of malaria in populations of the ancient 
Americas by identifying Plasmodium spp. ancient DNA 
and Plasmodium-derived hemozoin in skeletal remains 
from archaeological contexts. My dissertation study 

collection includes 105 long bone samples from 49 in-
dividuals representing 15 archaeological sites, eight in 
Panama (2800 BC- 1550 AD) and seven in Puerto Rico 
(400 BC-1200 AD). The individuals (n= 30) from the 
Panamanian collection (Smithsonian Tropical Research 
Institute) represent multiple biogeographical contexts 
and are ideally suited to address the primary goals of 
this research; detailed reports on the collections include 
observations of skeletal lesions associated with malaria 
(Smith-Guzman 2015), but further analyses are required 
to confirm the etiology of the lesions.
	 By tradition, paleopathology has focused on the iden-
tification and study of diseases based on the analysis of 
pathological lesions in human skeletal remains. In the 
case of acute infections, this approach has limitations be-
cause an individual may die quickly without time for le-
sions to develop (Wood et al. 1992). Because of this “os-
teological paradox,” paleopathologists must extend their 
methodologies beyond those traditionally employed; the 
emergent field of paleomicrobiology is well-suited to fill 
this niche. In addition to amplifying ancient pathogenic 
DNA, paleomicrobiology can detect pathogen-specific 
antigens (diagnostic), parasite eggs and bodies, and other 
disease biomarkers. Hemozoin (referred to as Hz hereaf-
ter), an iron-bearing crystalline pigment that sequesters 
in bone marrow cavities of malaria-infected individuals, 
is a robust biomarker for malaria identification in living 
populations. Because of the highly alkaline pH required 
to break down the Hz, we expect this material to remain 
in long bones' highly protected marrow cavities for ex-
tended periods of time, depending on the soil conditions 
and microenvironment (Setzer, 2014). 
	 The magnetic properties of the Hz biomarker are 
exploited in clinical settings of malaria research to al-
low researchers to separate the infected cells from the 
uninfected for downstream analyses (Roch et al., 2019). 
Reports demonstrate that the magnetic susceptibility of 
the infected red blood cell increases linearly as the par-
asite matures (Hackett, 2009). In recent years, nuclear 
magnetic resonance magnetometry has been used to 
identify malaria-infected individuals with submicrosco-
pic parasitemia at orders of magnitude lower than sev-
eral other diagnostic methods (Fook Kong et al., 2015). 
The literature contains conflicting reports on the bulk 
magnetic properties of Hz at room temperature. While 
some researchers report Hz crystals as exhibiting only 
superparamagnetic (SP) behavior, other groups argue for 
observing paramagnetism in synthetic and natural Hz 
(Inyushin et al., 2016, Roch et al., 2019). One way to 
resolve this seeming conflict would be to test the idea 
that both behaviors exist in an unfiltered Hz sample. In 
fact, our hypotheses support this alternative conclusion. 	
The first steps included measuring synthetic Hz and the 
heme monomers (essentially the building blocks of Hz 
crystals) to test our preliminary hypotheses, which can 
be summarized as follows: 
	 -A single heme monomer is sub-nanometer in size. 
Therefore, we predict that the heme monomer, if at all 
(ferro)magnetic, would exhibit superparamagnetic be-
havior at room temperature based on size alone or other-
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wise would exclusively exhibit paramagnetism.
	 -The average Plasmodium-derived Hz crystal is 
around 200 x 300 x 1000 nm; therefore, we predicted 
that the synthetic Hz crystal would exhibit either super-
paramagnetic or even weak ferromagnetic behavior at 
room temperature. 
	 -Finally, a natural Hz sample obtained in a clinical 
laboratory that hasn’t been filtered would likely contain 
variable concentrations of Hz crystals, dimers (a dimer 
is composed of 2 heme monomers), and the heme mono-
mer, leading to the observations of mixed magnetic be-
haviors of superparamagnetism and paramagnetism. 
	 To test our hypotheses, we measured the heme mono-
mer (hemin-Sigma Aldrich), and synthetic hemozoin 
(synthetic Hz-InVivogen) in detail at room temperature. 
First, we utilized the Vibrating Sample Magnetometer 
(VSM) to collect hysteresis loops to identify the bulk 
magnetic properties of each material. One significant 
observation was that the heme monomer appeared to 
be superparamagnetic, displaying no hysteresis and an 
approach to saturation > 500 mT (Fig 1), which was in 
line with our hypotheses. However, a First Order Re-
versal Curve (FORC) for the heme monomer revealed 
a distinct ferromagnetic component that is more obvi-
ous than from the hysteresis loops (Fig 2), which was 
to our surprise. We plan to follow this up with scanning 
electron microscopy and repeated analyses. We hypoth-
esize that the ferromagnetic behavior we observed in the 
heme monomer may result from “evolved aggregates” of 
heme, meaning that they are not fully crystalline yet. We 
further confirmed that synthetic Hz exhibits dominant 
paramagnetic behavior at room temperature with weak 
underlying ferromagnetism. We also performed several 
low-temperature experiments on the MPMS3, and we 
are still in the process of reviewing those data. At the 
same time, we have conducted a whole gamut of mag-
netic experiments on natural hemozoin crystals extracted 
from infected individuals. These will be compared to the 
results from the synthetic materials in an attempt to draw 
first-time correlations. We expect to publish our full re-
sults within the year.
	 These are important, groundbreaking observations 
that would otherwise not have been possible if it weren’t 
for the support provided by my 2022 Research Fellow-
ship to the Institute for Rock Magnetism and the assis-
tance of staff scientists in-house. With the data collected 
during the fellowship at the IRM, specifically the high 
level of detail permitted by the magnetometry experi-
ments at high fields and variable temperatures, our un-
derstanding of the magnetic properties of hemozoin has 
greatly enhanced. These data improve our understanding 
of the magnetic properties of hemozoin, bringing us one 
step closer to identifying malaria in the archaeological 
record of the pre-colonial Americas.
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Figure 1: Hysteresis Loop - Heme Monomer

Figure 2: Figure 2. FORC - Heme Monomer
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Recent and Current Visiting Fellows

Period 2022b

Andrew Ichimura
Chemistry & Biochemistry, San Francisco State Uni-

versity: Magnetic Properties of Lunar Soils and Lunar 
Soil Simulants.

Brendan Reilly 
Scripps Institution of Oceanography, UC San Diego: 
Towards an understanding of the depths of authigenic 
ferrimagnetic iron sulfide formation using Scotia Sea 

drill cores.

Elias Mansbach 
Earth, Atmospheric, and Planetary Science, MIT: 

Exploring Martian Crustal Magnetization Through 
Laboratory Alteration Experiments

Katie Bristol 
Department of Geological Sciences, University of 

Florida: Investigating the Spatial Distribution of High- 
Coercivity Magnetizations within Clinkers using Quan-

tum Diamond Microscopy.

Mallory Cox 
Department of Anthropology, Yale University: The 

Malaria project.

Michael Corolla 
Department of Anthropology, Yale University: Archaeo-

magnetic Dating of Middle Senegal Valley Furnaces.

Michael Volk 
Earth Sciences, Utrecht University: Probing changes to 

the magnetic carriers due to small magnitude earth-
quake slip.

Rosa de Boer 
Earth Sciences, Utrecht University: The first geological 

application of micromagnetic tomography.

Theodore Bobik 
Earth, Environment, and Planetary Science, Brown 
University: New insights to the First Americans and 
trends of arctic tundra fire through the exceptionally 

long (> 200kyr) sediment record from Seward, Alaska.

Period 2023a

Bruno Daniel Leite Mendes
Structural Geology and Tectonics, Karlsruhe Institute 

of Technology: Interaction between chemical alteration 
and magnetic domain size changes during temperature 

dependent magnetic susceptibility measurements.

Claudio Robustelli Test
Dipartimento di Scienze della Terra, Università degli 
Studi di Torino: Magnetic fingerprint of hydrothermal 

alteration across the South Atlantic subseafloor.

Hannah Robutka 
School of Earth and Ocean Sciences, University of Vic-
toria: Tracking the evolution of Fe mineralogy in mid- 

ocean ridge hydrothermal plumes using magnetics.

Hong Yang 
Department of Geophysics, Stanford University: Using 
field- dependent magnetic susceptibility to quickly char-

acterize magnetic mineralogy for submarine basalts.

James Hepworth 
School of Geography, Earth and Environmental Sci-
ences, University of Plymouth: Novel insights into 

paleomagnetism of serpentinized peridotites from the 
Oman and Troodos ophiolites.

Joonas Wasiljeff 
Environmental Solutions, Geological Survey of Fin-

land:
FERMAID - Ferromanganese Concretion- Archives of 
Ecosystem Variability, Climate Forcing and Anthropo-

genic Impact on the Baltic Sea.

Melissa Sikes 
Department of Geosciences, University of Wisconsin- 

Milwaukee: Investigation of paleomagnetic behavior of 
the Snake River Plain lava flows, southeastern Idaho.

Ron Shaar 
The Institute of Earth Sciences, The Hebrew University 
of Jerusalem: Magnetic properties of marine sediments 

and speleothems.

IMPORTANT ANNOUNCEMENT!
Visiting Fellow reports are an integral aspect of the IRM 
Quarterly and are of tremendous value to us, as they 
demonstrate that the IRM's mission is being fulfilled. For 
all Visiting Fellows who visited since (and including) 
August 2022, it was made a requirement to submit a VF 
Report. Failure to do so will be factored into the evalua-
tion for successive fellowships. Provided the higher vol-
ume of reports, these will not be as thoroughly edited 
and commented on as is currently done.
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Current Articles
A list of current research articles dealing with various topics in 
the physics and chemistry of magnetism is a regular feature of 
the IRM Quarterly. Articles published in familiar geology and 
geophysics journals are included; special emphasis is given to 
current articles from physics, chemistry, and materials-science 
journals. Most are taken from ISI Web of Knowledge, after 
which they are  subjected to Procrustean culling for this news-
letter. An extensive reference list of articles (primarily about 
rock magnetism, the physics and chemistry of magnetism, 
and some paleomagnetism) is continually updated at the IRM. 
This list, with more than 10,000 references, is available free of 
charge. Your contributions both to the list and to the Current 
Articles section of the IRM Quarterly are always welcome. 

Archeomag
Deldicque, D., J. P. Pozzi, C. Perrenoud, C. Falgueres, G. Ma-

hieuxd, A. S. Lartigot-Campin, and J. N. Rouzaud (2022), 
Traces of fire in a 560,000-year-old occupation soil at 
Caune de l'Arago: response to the article by Professor Hen-
ry de Lumley, Comptes Rendus Geoscience, 354, 47-50, 
doi:10.5802/crgeos.114.

Lumley, H. D. (2022), Did the first inhabitants of the Caune de 
l'Arago between 700,000 and 400,000 years BP have do-
mesticated fire? Did they know how to light the fire at will?, 
Comptes Rendus Geoscience, 354, 41-45, doi:10.5802/cr-
geos.113.

Tema, E., Y. Santos, R. Trindade, G. A. Hartmann, T. Hatakeya-
ma, F. Terra-Nova, N. Matsumoto, J. Mitsumoto, and M. 
Gulmini (2023), Archaeointensity record of weak field re-
currence in Japan: new data from Late Yayoi and Kofun ce-
ramic artefacts, Geophysical Journal International, 233(2), 
950-963, doi:10.1093/gji/ggac498.

Wang, Q. Z., et al. (2022a), New archaeomagnetic directions 
from Late Neolithic sites in Shandong province, China, 
Geophysical Journal International, 232(2), 1159-1172, 
doi:10.1093/gji/ggac381.

Environmental Magnetism
Ayoubi, S., and S. Bahmani (2023), Variation of heavy met-

als, magnetic susceptibility, and some chemical proper-
ties in the Lichen-rock interface on various parent rocks 
in west of Iran, Physics and Chemistry of the Earth, 129, 
doi:10.1016/j.pce.2022.103303.

Menendez-Iglesias, D., Rodriguez-Rivas, J. and H. Cabadas-
Baez (2022), Late Pleistocene paleoenvironment at a 
Middle Stone Age archaeological site in Equatorial Guin-
ea: a paleopedological approach, Boletin De La Sociedad 
Geologica Mexicana, 74(3), doi:10.18268/BSGM2022v-
74n3a200622.

Bucko, M. S., T. Magiera, B. Gorka-Kostrubiec, and M. Wawer 
(2023), Ecological quality of the "Torfowisko pod Weglin-
cem" nature reserve (SW Poland) based on magnetic and 
geochemical studies, Journal of Applied Geophysics, 208, 
doi:10.1016/j.jappgeo.2022.104874.

Dong, L. S., et al. (2022), A Eurasian Basin sedimentary record 
of glacial impact on the central Arctic Ocean during MIS 
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cont’d. from pg. 1...
complex quantity, with χ= χ’ - iωχ”, where χ’ is the in-
phase response and χ” is the out-of-phase susceptibility. 
Paramagnetic and diamagnetic materials have respons-
es that are perfectly in-phase with the oscillating field; 
therefore these materials have no frequency dependent 
behavior and χ”= 0.
	 The delayed response and corresponding out-of-
phase susceptibility can arise from three distinct physi-
cal mechanisms: (1), magnetic viscosity with relaxation 
times comparable to the AC field reversal interval; (2), 
irreversible magnetization changes (low-field hysteresis) 
driven by the AC field; and (3), production of electrical 
eddy currents by the AC field in electrically conductive 
materials (see Jackson (2003), IRMQ 13-4) for more de-
tail). Each of these mechanisms is significant only for 
a restricted range of materials: viscosity on millisecond 
timescales (for frequencies typically available in suscep-
tometers at the IRM) is generally only important for fine 
SD particles, near the SP boundary. Low-field hysteresis 
has been documented only in multidomain pyrrhotite, 
hematite, and intermediate composition titanomagne-
tites, where spontaneous magnetization is not too large 
and wall-pinning energies are comparable to external-
field interaction (Zeeman) energies. Conductivity is only 
large enough to matter in metals, graphite and some sul-
fide minerals, in the frequency range commonly used for 
susceptibility measurements. Quadrature susceptibility 
χ” is therefore almost always much smaller than in-phase 
susceptibility χ’.  But when it is significant in magnitude, 
it provides important information about the magnetic 
(and/or conductive) mineral assemblage.   
	 For very small SD (“viscous superparamagnetic” 
or VSP) grains, χ” and the frequency dependence of 
χ’ (frequency f= ω/2π) are closely related to viscous 
changes of Mr with time t (Néel, 1949; Mullins & Tite, 
1973; Shcherbakov & Fabian, 2005; Egli, 2009). For 
low frequencies and/or short relaxation times (ωτ<< 
1), the assemblage is superparamagnetic and M stays in 
phase and in equilibrium with the changing field: M(t) 
= χSPH(t) = Meq(H0)H(t)/(H0). With increasing frequency 
and/or relaxation time τ, the time constants for measure-
ment and relaxation become comparable (τ/ τm~ωτ~1), 
and the magnetization becomes more “viscous,” lagging 
significantly, with roughly equal in-phase and quadra-
ture components: M’~M”~Meq(H0)/2. Finally, for very 
high ω and/or very long τ, the grains reach the stable SD 
state (χ”→0). Néel (1949) showed that for grains with 
a wide distribution of relaxation times, the quadrature 
signal is proportional to the frequency-dependence of 
the in-phase susceptibility, through the useful “π/2” law: 
χ”[viscosity]= -(π/2)(δχ’/δlnf). The π/2 law was adapted 
by Mullins and Tite (1973) for thermal activation ener-
gies.
	 However, the observations above have also been 
made for (much) larger MD grains at temperatures < 70 
K, see Fig. 1, so that their origin must be distinguished 
and understood, making for the focus of this article. Be-
fore discussing the behavior of MD magnetite grains in 
detail, and to summarize the occurrences of frequency 

and amplitude field dependencies of both χ’ and χ” for 
different minerals/domain states, the table from the 
IRMQ28-2 is presented again here yet correcting the er-
roneous inclusion of amplitude-dependence of SP grains 
of the previous version. It is also important to clarify 
that all observations for magnetite-titanomagnetite are 
from grains larger than 2-3 μm, therefore all MD grains, 
whereas SD grains, with long relaxation times and no 
low-field hysteresis are void of frequency- and ampli-
tude- dependencies.

Multidomain Magnetite
For a synthetic 1-2 mm spherical magnetite crystal, 
Moskowitz et al. (1998) observed step-like increases in 
χ’ during heating at 40-50 K and 120-125 K. The higher 
temperature increase is coincidental with the Verwey 
transition (TV) and accompanied by changes in the SIRM 
heating curve, however, the lower-temperature step has 
no matching remanence transition, it is frequency-de-
pendent, and is accompanied by a peak in χ”. Similar 
χ(T) variations were observed by Muxworthy (1999) for 
disperse hydrothermal magnetite crystals with mean siz-
es of 76 and 108 μm, with somewhat smoother increases 
in χ’, and slight frequency-dependence between 118-126 
K, in 1 K intervals, over the 40- 4,000 Hz frequency 
range. In a study by Kosterov (2003), only 100-150 μm 

Summary of known magnetic susceptibility observations for different 
minerals and grain sizes: χ’ is in-phase susceptibility; χ” is out of phase 
susceptibility; π/2 indicates the viscosity parameter of Mullins and Tite 
(1973). *: stable SD grains have long relaxation times, so that frequen-
cy-dependence is not observed. Likewise, SD grains do not possess 
low-field hysteresis residing in irreversible domain wall modification, 
so that amplitude-dependence is also not present. **: minor, almost 
negligible, amplitude-dependence of χ’ was described by Jackson et al. 
(1998) for magnetite when measuring in fields greater than ~100 A/m, 
and more significant χ” by Özdemir et al. (2009).
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crushed size fractions of natural magnetite showed clear 
double-step increases of χ’ at low T, one at 120-125 K, 
associated with a Hopkinson peak around 135 K, and 
one from 15-30 K, then gently descending between 30 
and 120 K. Frequency-dependence of χ’ on the order of 
10-15% was also observed between 0.01 and 1,000 Hz in 
the same study. For a synthetic magnetite cylinder with 4 
mm diameter and 13 mm height measured in an AC field 
of 80 A/m and single frequency of 100 Hz, Skumryev et 
al. (1999) also observed an increase in χ’ around 50 K 
followed by a steady drop until ~120 K, at which point 
χ’ increased markedly and was followed by a Hopkin-
son peak around 130 K. Additionally, they reported a χ” 
peak just below 50 K. A marked frequency-dependence 
of both χ’ and χ” behaviors was demonstrated when mea-
suring in 10, 30, 100, 300 and 1,000 Hz between 10 and 

80 K, with the most prominent dependence between 20 
and 70 K.
	 Finally, Özdemir et al (2009) performed the most de-
tailed study to date, investigating both frequency- (40-
4,000 Hz) and amplitude- (30-2,000 A/m) dependence 
of a natural 1.7 mm octahedral magnetite single-crystal. 
In their study, marked amplitude dependence of in-phase 
susceptibility was observed below the Verwey transition 
for two measurement frequencies (Fig. 2), accompanied 
by frequency dependence, particularly <50 K, although 
some was also observed in the 95-125 K range. Above 
the TV the field dependence of χ’ was described as “very 
nearly zero”, and then discussed as non-existent by vir-
tue of χ reaching the 1/N limit, where N is the demagne-
tizing factor.
	 Out-of-phase susceptibility, instead, was observed to 
possess a frequency-dependent peak ~30 K, and some 
frequency dependence above that, particularly for the 

Figure 2: Magnetite in-phase susceptibility measure-
ments as a function of amplitude and temperature for 
two measurement frequencies of (a) 40 Hz and (b) 400 
Hz. Note the pronounced amplitude-dependence < 120 
K and negligible, yet present, above (from Özdemir et 
al., 2009).

Figure 3: Magnetite in-phase susceptibility measure-
ments as a function of frequency and temperature for 
amplitudes between 40-4,000 Hz, between 20 and 280 
K (a). (b) enlargement of the 20-60 K range. (From Öz-
demir et al., 2009).
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lowest measurement frequency (40 Hz), and a marked 
drop/increase at the TV, although negative measurements 
were attributed to instrumental artifacts (Fig. 4a). χ” also 
revealed amplitude dependence above and below TV 
(Fig. 4b). Even discounting measurements in the stron-
gest field of 2,000 A/m (2.5 mT), at least at the scale of 
the figure the dependence is apparent for all fields < TV 
and for fields greater than 100 A/m (125 μT) > TV. 
	 Assuming that the sample possesses a minimal field 
dependence of χ’, the results would be consistent with 
the room temperature observation of χ’ for TM0 (mag-
netite) in fields > 100 A/m of Jackson et al. (1998), also 
reported in the IRMQ28-2, although at typical measure-
ment amplitudes (MD) magnetite is effectively field- and 
frequency-independent above TV.
	 The 20-40 K frequency and amplitude dependent 

Figure 4: Magnetite out-of-phase susceptibility mea-
surements (a) as a function of frequency and tempera-
ture for an amplitude of 300 A/m, and (b) as a function 
of amplitude and temperature for a frequency of 400 Hz. 
Note, the negative χ” values, particularly > 120 K, which 
were attributed to instrumental artifacts (From Özdemir 
et al., 2009).

step in χ’ and peak in χ” are similar to those reported by 
other authors, yet there is some disagreement about the 
temperature range over which they occur, which appears 
to be irrespective of measurement frequency. For exam-
ple, Iwauchi et al. (1976) observed similar temperature 
ranges as Özdemir et al. (2009), yet the frequencies used 
there were three orders of magnitude higher. Likewise, 
Janů et al. (2007) reported the same temperature range, 
yet using much lower frequencies (1-25 Hz). For similar 
frequencies (10-1000 Hz), the “step and peak” features 
of χ’ and χ”, respectively, observed by Skumryev et al. 
(1999) are broader, occurring between 30-50 K. Only 
exception to these, are the observations of Balanda et 
al. (2005) who, for a stoichiometric synthetic magnetite 
crystal, reported frequency independent step decreases 
in χ’ and minor peaks in χ” at 28 K, not seen in the other 
studies. They do observe frequency-dependent step in-
creases in χ’ and major peaks in χ”, for a frequency range 
of 15-1,000 Hz, similar to that of Özdemir et al. (2009), 
but between 50 and 60 K. Furthermore, only for their 
lowest 80 A/m field were these steps and peaks clear, 
but were otherwise subdued and unresolvable at higher 
fields. Considering the similarities in instrumentation 
used, Özdemir et al. (2009) attributed the different ob-
servations to subtle differences in composition and pu-
rity, and on the method of preparation of the synthetic 
material.
	 For a thermally activated process, the relaxation time, 
τ = (2πf)−1, obeys the Arrhenius equation:

τ= τ0 exp [Ea/(kBT)]

where f is the measurement frequency, τ0 is the charac-
teristic attempt time, Ea is the activation energy and kB is 
the Boltzmann constant. Hence a plot of ln(τ) versus 1/T 
yields a straight line with slope Ea/kB and intercept ln(τ0)
	 Activation Energies Ea and characteristic non-thermal 
response time τ0 estimates calculated by Özdemir et al. 
(2009) and Carter-Stiglitz et al. (2006) from the frequen-
cy-dependence of χ’, and Skumryev et al. (1999) from 
the frequency dependence of the χ” peak are in agree-
ment, and match closely with the activation energies of 
conduction by electron hopping for the same tempera-
tures (Lenge & Kronmuller, 1984). These observations 
support the idea that electron mobility/valence changes 
within domain walls are at the root of the frequency-
dependent variations in susceptibility around 30-40 K 
(Walz et al., 1982; Moskowitz et al., 1998; Muxworthy, 
1999).
	 The mechanism, however, is not as clear. While the 
sharp step in SIRM (not shown here) and susceptibility 
curves at TV observed by Özdemir et al. (2009) repre-
sent a large change in anisotropy, the lack of any feature 
in SIRM below 40 K, if attributed to domain wall pin-
ning, would require major lattice defects, however this 
is not necessarily the case for susceptibility. Özdemir 
et al. (2009) suggested that while the walls do remain 
pinned, perhaps near monoclinic twin boundaries, wall 
segments oscillate reversibly in the alternating fields, 
with the amplitude of oscillation changing steadily in the 
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20-40 K range. Here, χ” peaks and the temperature at 
which χ’ increases on warming changes with frequency, 
generating the “step and peak” feature. Wall oscillations 
lag appreciably behind the driving field at these very low 
temperatures, becoming more prominent with increasing 
frequency.

Multidomain Titanomagnetite
Carter-Stiglitz et al. (2006) studied two synthetic sam-
ples of composition x= 0.16 and x= 0.35 to investigate 
field cooled and zero-field cooled behavior. They ob-
served strong frequency-dependence at low tempera-
tures, < 100 and 150 K, respectively, and amplitude-de-
pendence above (Fig. 5). The temperature at which the 
different behaviors occur was proposed to be associated 
with changes in grain anisotropy associated with elec-
tron hopping in the octahedral sites and is therefore de-
pendent on composition.
	 Church et al. (2011) investigated the low temperature 
susceptibility behavior in a series of synthetic MD tit-
anomagnetites of composition 0< x< 0.6, in conjunction 
with low-temperature FORC and remanence measure-
ments. For the x= 0.2, 0.4 compositions they report on, 
they observed similar low temperature susceptibility fea-

tures to those described here yet centered around ~70 K 
and with an additional low-temperature shoulder on the 
χ” peak (Fig. 6). As advanced by Özdemir et al. (2009), 
these results support the suggestion that the temperature 
at which the susceptibility features occur are composi-
tionally dependent.
	 Additionally, Church et al. (2011) described two do-
main wall relaxation regimes acting on titanomagnetites 
of varying compositions. For compositions greater than 
x= 0.2, Fe2+ ions enter the tetrahedral sites (O’Reilly & 
Banerjee, 1965), introducing magnetoelastic contribu-
tions to the anisotropy, which generate wall pinning. 
However, these alone are insufficient to cause the effect 
observed, so that enhanced pinning is further promoted 
by localization of Fe2+ ions on the octahedral sublattice 
due to cessation of electron hopping (magnetocrystalline 
anisotropy). Church et al. (2011) suggest that a similar 
mechanism operates at x> 0.2 and that enhanced pin-
ning for these compositions, below the low-temperature 
relaxation, i.e. ~70 K, is predominantly magnetoelastic 
in origin. This way, Church et al. (2011) distinguish be-
tween an intrinsic pinning low-temperature regime from 
an extrinsic regime dominated by defects such as dis-
locations, grain boundaries, impurities, etc. The two re-

Figure 5: A and B: in-phase susceptibility as a function of frequency and temperature (fixed amplitude) for titanomag-
netite compositions x= 0.16 and 0.35, respectively; C and D: in-phase susceptibility as a function of amplitude and 
temperature (fixed frequency) for the same samples. Results beautifully demonstrate the frequency dependence below 
a certain temperature, 100 and 150 K, respectively, for these two samples, and amplitude dependence above. From 
Carter-Stiglitz et al. (2006).
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gimes may be discriminated by large difference in ZFC 
and FC remanence curves below the pinning transition, 
which would not be otherwise observed if pinning were 
entirely caused by extrinsic defects. The intrinsic pin-
ning regime also predicts that domain walls are rigidly 
pinned along their entire length, whereas in the extrinsic 
pinning regime walls are only pinned at discrete points, 
permitting sections of wall in between pinning sites to 
bow in response to an applied field, as proposed by Öz-
demir et al. (2009) for stoichiometric magnetite compo-
sitions. 

Summary and Final Remarks
In summary, a step in χ’ between ~20-70 K accompa-
nied by a same-temperature peak in χ” is indicative of 
electron hopping associated with domain wall relaxation 
in MD magnetite-titanomagnetite. The temperature at 
which these features occur is dependent on composition 
and stoichiometry, with somewhat higher temperatures 
(~50-70 K) for titanomagnetite compared to stoichio-
metric magnetite (~20-50 K). For all compositions, the 
low temperature relaxation feature is both frequency- 
and amplitude- dependent; however, only titanomagne-
tite will possess appreciable amplitude-dependence and 
no frequency-dependence between ~150 K and room 
temperature.
	 For stoichiometric magnetite, the low-temperature (< 

TV) “MD feature” may be distinguished from SP grains 
by its amplitude dependence, which is absent when tita-
nium is present, and resides in low-field hysteresis. For 
all compositions, the temperature range over which the 
frequency-dependent features occur, while broad-ish 
(20-70 K), is more "fixed" than the SP blocking peak, 
which varies widely with mean blocking volume, and 
extends from as low to a few K for the smallest SP grains 
(“unstable SD”), to above room temperature for stable 
SD grains (e.g., Till et al., 2011). 
	 For all compositions, the frequency-dependent relax-
ation resulting in the χ’ step and χ” peak is a thermally 
activated relaxation process, as confirmed by it following 
an Arrhenius equation. Such behavior thus also follows 
the π/2 law for distribution of relaxation times (Néel, 
1949) readapted for thermal activation energies (Mullins 
and Tite, 1973), so that the χ” frequency-dependent peak 
can be successfully reproduced from the χ’-frequency 
data as χ”[viscosity]= -(π/2)(δχ’/δlnf).
	 For certain titanomagnetite compositions, e.g., x= 0.2 
but not x= 0.4, a second relaxation for in χ” is observed 
around 250 K (Church et al., 2011, Fig. 6), which had 
been attributed to diffusional reorientation of interstitial 
Fe2+ defects (Walz et al., 1997). However, the feature in 
χ” is never a peak, but more of a broad frequency-de-
pendent step (x= 0.2) or “hump” (x= 0.4), accompanied 
by an increased gradient in χ’ towards room temperature 

Figure 6: Frequency dependence of magnetic susceptibility for compositions (a and b) x = 0.2 and (c and d) x = 0.4
at low temperatures and with bias fields from 0 to 150 mT. Graphs are offset on the y axis, but the scale is preserved 
(From Church et al., 2011).
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(Figs. 5 and 6). The gradient in χ’ increases for increas-
ing titanium substitution (Moskowitz et al., 1998) and 
reasonably extends above room temperature up to the 
specific Curie temperature.
	 It is problematic, however, to attribute the characters 
of these curves exclusively to titanium content in natural 
samples where mineralogical and/or grain size mixtures 
may exist. For example, Vigliotti et al. (2022) reported 
on different compositions of titanomagnetite-bearing 
volcanic ashes with contrasting coercivity distribu-
tions, as determined by hysteresis shape, IRM unmixing, 
FORC distributions and remanence curves, in addition 
to SEM observations. Indeed, the higher Ti-containing 
samples (e.g., Ash-30/10/2002 in Fig. 7) possessed an 
increased gradient of χ’ towards room temperature as de-
scribed above, but the same highly fractionated samples 
also feature broad and prominent frequency-dependent 
peaks in χ” (the classic “rainbows”) between ~150 K and 
room temperature (Fig. 7, left). Such broad frequency-
dependence, should not occur for MD (titano)magne-
tites, which only display amplitude dependence in this 
temperature range, other than the 250 K feature observed 
for certain titanomagnetite compositions (Cf. Fig. 6b). 
The increase of χ’, instead, likely peaks above room 
temperature towards the Curie temperature. In virtue of 
these, as well as other rock-magnetic observations, these 
features were attributed to a prominent distribution of 
SP grains, some blocking above room temperature, and 
resulting in the heightened coercivity contrast in those 
samples, in addition to the lower-temperature MD fea-
tures that are the main focus of this review. 
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