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Imaginary
Susceptibility

A Primer

“Imaginary susceptibility” sounds...
well, sort of dubious. Of course,
“imaginary” here alludes not to some
monstrous figment of the fevered
geophysical imagination, but to those
wonderful mathematical curiosities, the
numbers with negative squares. But
what, exactly, is imaginary susceptibility?
Why do we measure it, and what does it
tell us?

It may (or may not) help to know that
imaginary susceptibility (denoted χ” or
κ” for mass- or volume-normalized
flavors) is also known as quadrature or
out-of-phase susceptibility.  It is a
phenomenon peculiar to AC susceptibil-
ity measurements, i.e., those made in an
externally-applied time-varying magnetic
field H(t) = H

0
cos(ωt), where H

0
 is the

amplitude and ω the angular frequency.
In such an applied field, the magnetiza-
tion of many materials responds in
perfect lock-step: M(t) = M

0
cos(ωt), i.e.,

it varies in phase with the field, and thus
the ratio M(t)/H(t) does not vary with t
but maintains a constant value, equal to
M

0
/H

0
=κ.

Things get more complex (in both
the mathematical and common senses of
the word) for certain sluggish materials
whose magnetization (for reasons to be
described) lags behind the time-varying
applied field: M(t) = M

0
cos[ω(t-∆t)] =

M
0
cos(ωt-δ), where ∆t is the time lag,

and δ is referred to as the phase shift or
lag (or simply as the phase).  Mathemati-
cally this is identical to the sum of an in-

Sixth Biennial Conference on Rock Magnetism
St. John’s College Conference Center, Santa Fe, New Mexico

Focus Areas:
1) magnetism of “dirty” systems (including weak antiferromagnetism of surficial iron

oxides and oxyhydroxides; nanoscale structures and nanoparticle assemblages;
core-shell dynamics in partially-oxidized magnetite; etc), and integration of
magnetic and non-magnetic analytical techniques.

2) critical evaluation of rock-magnetic data protocols: acquisition and experimental
methods; processing and analytical approaches; interpretation and uncertainty;
and effective community archival for continuing usability.
St. John’s College provides a communal atmosphere conducive to meaningful

interactive communication, and the discussion-oriented conference format is designed
to facilitate an open exchange of ideas.  Space is limited to about forty participants,
and we encourage senior graduate students, as well as post-docs and faculty members,
to attend and participate.

Thanks to funding from the National Science Foundation, there is no cost for
registration, and a limited number of travel fellowships will be available to offset
incurred transportation costs, up to a maximum of approximately $250, with prefer-
ence given to students and others with demonstrable need.  Participants will pay for
three nights’ accommodation and all meals ($250, shared rooms on the St John’s
campus).

http://www.stjohnscollege.edu/asp/main.aspx?page=6307

Santa Fe Conference:
June 3-6, 2004!
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Nota Bene:
Visiting Fellowship proposal deadline is
April 30.  See our web site for details.
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High-field AMS of mantle
peridotites

Mantle peridotites commonly alter
through serpentinization processes which
results in the formation of secondary mag-
netite. The low-field AMS of altered peri-
dotites is therefore usually dominated by
this strongly ferrimagnetic and secondary
phase which masks the silicate fabric. In
order to separate the contribution of para-
magnetic silicates from that of ferrimag-
netic oxides and hydroxides, we have used
and refined the method developped by Thill
et al. (2000), Ferré et al. (2000) and Kelso
et al. (2002) using a Vibrating Sample
Magnetometer.

For this study, we have used the Twin
Sisters dunite, a weakly serpentinized, al-
most monomineralic rock. A series of hys-
teresis curves were acquired in different
orientations for each specimen, using a
vibrating sample magnetometer (Princeton
Measurements Model 3900). Specimens
were left lying on the VSM bench for at

least 30 minutes before measurement to
ensure thermal equilibrium with the pole
gap space (19°C) which is cooler than the
room temperature (21°C). The same sample
holder is used for the directional measure-
ments of the cubic specimens. In contrast
with the setup described in Kelso et al.
(2002), the bottom of the specimen holder
is left free to avoid complications due to
erratic friction during rotation. The speci-
men remains centered in the field within
0.5 mm thanks to a rigid holding rod.

Thirty specimens were chosen for be-
ing close enough to a perfect cubic shape
of 20 x 20 x 20 ± 0.5 mm. The multiple
positions were achieved by 8 rotation in-
crements of 45° about the 3 perpendicular
axes perpendicular to faces. Rotations were
clockwise viewed from the top. This yielded
24 hysteresis curves per specimen. Sym-
metrical positions within the HFAMS mea-
surement scheme are used to estimate the
analytical error. Space for the specimen was
provided by moving the pole pieces further
apart (50 mm) which reduces the maximum
field intensity to about 900 mT. The total
measurement time per sample is approxi-
mately 22 minutes.

The calculation of the high-field mag-
netic susceptibility is based on the measure-
ment of the high-field slope (K

HF
) from the

hysteresis curve. This is done by using the
highest 15 % of the field range (> 765 mT),
where the ferromagnetic component is satu-
rated and therefore contributes nothing to
the slope. The saturation conditions will be
discussed further.  Instrument artefacts, such
as hooks on the terminations of hysteresis
curves related to pole-piece saturation, were
removed before calculation. The linear cor-
relation coefficient was better than 0.9999
in all cases which shows that saturation was
reached.

The response of the VSM instrument
depends on the position of the magnetic
dipoles with respect to the pick-up coils,
and the measured values are therefore sen-
sitive to the specimen shape. The advan-
tage of using cubic specimens is clear
when considering that such specimens
produce an unambiguous geometric / in-
strument response effect characterized by
a 4ω periodicity, and that the instrument
response is the same for all three axes,
which is not the case with cylindrical
specimens. This approach corrects for
most variations due to the instrument re-
sponse of the VSM but not for the fact that
the magnetic center of the specimen (de-
termined by optimizing the position of the
specimen in between the coils) does not
necessarily coincide with the geometric
center of the specimen. This is the case
when magnetic grains are non uniformly
distributed in the specimen. In addition to
previous corrections, the high-field slope
is finally normalized by dividing K

HF
 by

M
s
, the saturation magnetization. M

s
 can

be assumed to be a constant (i.e., inde-
pendent of measurement direction) for
each specimen, and the normalization thus
compensates for angular variations due to
the sample shape and the instrument re-
sponse function. The residual error after
normalization to M

s
 is ̃  1% whereas it was

around 2.5% before normalization to M
s
.

M
s
 ranges between 42 and 2580 x 10-6

Am2, with an average of 457 x 10-6 Am2.
M

r
 ranges between. The high-field mag-

netic susceptibility is measured above Ms.
The high-field AMS principal directions
(K

1
, K

2
 and K

3
) display a large spatial dis-

persion but correlate reasonnably well
with the olivine crystallographic axes for
samples having point distributions. Dis-
crepancies are observed in the case of lat-
tice preferred orientation girdles.

Claire Carvallo
University of Toronto

carvallo@physics.utoronto.ca

FORC diagrams of mixtures
of synthetic hematite and

magnetite.

An important part of the project that
I carried out at the IRM last fall involved
the measurement of FORC diagrams for
mixtures of synthetic magnetite and
hematite. There has been a lot of interest
recently in using FORC diagrams as a
tool to investigate coercivity distribu-
tions and interactions in magnetic
assemblages (Roberts et al., 2000). It has
been shown that FORC diagrams can
also be efficiently used to unravel
magnetic mixtures in assemblages where
magnetostatic interactions are not

important (Muxworthy et al.,  2003). The
goal of my measurements was to test
whether FORC diagrams would be a good
tool to identify hematite in natural
samples and whether mixtures of hematite
and magnetite would show linear
additivity properties, and compare the
experimental results with theoretical
results using micromagnetic modelling.

The end-members of my mixtures
were synthetic magnetites of various sizes
(Wright 4000, 5000  and 1129178) and
synthetic hematites obtained by heating
the magnetite samples to 600ºC for 4-5
hours. Since the saturation magnetization
(Ms) of hematite is about 0.5% that of
magnetite, mixtures must be composed
mainly of hematite for it to be seen in the

signal. An example of the results is
shown on Fig.1, where the two end-
members are W4000 magnetite and
hematite made from W4000 magnetite.
The FORC distribution of hematite is
characterized by a broad peak centered
at a large coercivity (~400 mT). This
pattern is consistent with other measure-
ments of FORC diagrams on hematite
(e.g., Muxworthy et al., 2003). The peak
due to hematite is apparent when the
amount of magnetite is less than 1% of
the total sample (Fig. 1b). When the
concentration of hematite is about 5%,
the FORCs still show some evidence of
the presence of hematite, but FORC
diagrams only show some random noise
distributed over the diagram, which

Maximum (squares), intermediate (triangles) and minimum (circles)
susceptibility orientations in weak (left) and strong (right) fields.
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disappears when only magnetite is
present. Based on these measurements,
FORC diagrams are not an appropriate
tool to identify minerals with low
saturation magnetization.

In addition, I measured cooling and
warming curves of saturation isothermal
remanent magnetization (SIRM) for
some of the mixtures (Fig. 2). The Morin
transition around -15°C is caused by
hematite, whereas the Verwey transition
and the isotropic point at about 130 K
indicates the presence of magnetite. In
mixtures of magnetite and hematite, both
the Morin transition and the Verwey
transition should be present. When
magnetite is added to the original

Fig.1: FORCs (top) and FORC diagrams (bottom) of a mixture of W4000 magnetite and hematite made from W4000 magnetite. a:
100% hematite, b: 99% magnetite, 1% hematite, c: 95.4 % magnetite, 4.6% hematite, d: 100% magnetite.

hematite sample, the Verwey transition
appears in both the low-temperature
warming curve of SIRM (20 K) and the
low-temperature cooling and warming of
SIRM (300 K). The Morin transition is
still very clear (in particular in the SIRM
(300 K) warming curve) even when
hematite constitutes only 90% of the
mixture. When the mixture is composed
of 50% of magnetite and 50% of
hematite, the Morin transition can still be
noticed by a very slight hump in the
SIRM (300 K) warming curve.

In conclusion, these results suggest
that FORC diagram measurements are
not a very suitable method for identifying
hematite (or any other magnetic mineral
with low M

S
) in mixtures dominated by

magnetite. High-field low-temperature
remanence methods are a more appropri-
ate tool.

Thanks to the IRM people, particu-
larly Mike, Jim and Peat, for interesting
discussions and help with the measure-
ments.

References:
Muxworthy, A.R., King, J.G., Heslop,

D., & Williams, W., 2003.
Unravelling magnetic mixtures using
first-order reversal curve (FORC)
diagrams: linear additivity and
interaction effects,  Eos Trans. AGU,
84(46), Fall Meet. Suppl., Abstract
GP31B-0749.

Roberts, A.P., Pike, C.P., & Verosub,
K.L., 2000. First-order  reversal
curve diagrams: A new tool for
characterizing the magnetic  proper-
ties of natural samples., J. Geophys.
Res., 105, 28461—28475.

Fig.2: Temperature dependence of
SIRM produced by a 2.5 T field. The
grey circles show the zero-field SIRM
warming curve from 20 K to 300 K. The
black circles show the zero-field
cooling (300 K to 20 K) and warming
curves for SIRM produced at 300 K.

Visiting Fellow Reports
continued on p. 4...
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Environmental magnetism of
Susquehanna Valley

alluvium

My visit to the IRM was designed to
explore the causes for some unexpected
patterns in my measurements of magnetic
susceptibility (χ) for Susquehanna Valley
alluvium. While working on my
dissertation, I measured over 100
samples of rock, soil, or sediment,
including several stratigraphic sections
for which I have radiocarbon age control
(see Figure 1). I was expecting that χ
would provide a simple record of the age
of buried soils and the average annual
temperature at the time they formed.

ment (“pedogenic”). As I hypothesized,
the pedogenic contributions appear to
consist of small (d<20µm) particles that
range from superparamagnetic (SP) to
pseudo single domain (PSD), while larger
multidomain (MD) particles represent
detrital magnetic material. The detrital
particles probably represent magnetite
derived from rocks of the Canadian
Shield, although some variable oxidation
toward maghemite may have occurred
prior to transport and deposition by the
Susquehanna River. The pedogenic
material may represent chemical and
biochemical weathering of the detrital
magnetite as well as grains that were
precipitated directly from solution in the
soil-forming environment.

I identified the grain size populations
(SP, PSD, MD) in three key stratigraphic
sections using measurements of
anhysteric remanent magnetization
(ARM) and hysteresis parameters (Hc,
Hcr, Mr, Ms). I measured the ARM using
the 2-G Superconducting Rock Magne-
tometer. Each sample was first subjected
to a 500 mT alternating field with a .005
mT/half cycle decay using the DTech
D2000 AF Demagnetizer. I performed the
hysteresis loops on the Princeton
Measurements VSM2 using a 1 T applied
field at a sensitivity of 1 Am2 with a 200
ms averaging time.

Figure 2 shows a Day plot (Hcr/Hc
vs. Mr/Ms) for the samples from all three
stratigraphic sections. The Jacobs
(36LU80) section begins at the Pleis-
tocene/Holocene boundary, the Wyoming
T-1 cutbank section begins at ca. 6 ka,
and the Forty Fort Airport section begins
at ca. 3 ka. All three grain size popula-
tions are present in samples from all three
sections  A weak inverse trend can be
seen in the sandier samples from the
Jacobs section, particularly the 4C1, 4C3,
and 5C horizons. The field to the right of
the PSD region probably represents
values that have been shifted due to
mixture of superparamagnetic material
with multidomain grains (Dunlop,
2002a,b). Six of the Wyoming samples
fall in this “MD + SP ?” field, and this is
probably what we should expect for

relatively fine-textured sediment that has
been weathered under a warm mid-
Holocene climate.

The ARM and hysteresis loop
results exhibit patterns that are more
consistent with what I had initially
expected for soil magnetism within each
stratigraphic section. Whereas χ peaks
in the 2Ab horizon of the Wyoming
section, for example, a plot of χ/Ms
shows secondary peaks in both the 4Btx
and the 5Bt horizons, presumably
representing pedogenic SP material
(Figure 3). The 4Btx has by far the
highest value of ARM/χ, while the
secondary peak in the 5C horizon can
also be seen in χ alone. In the Jacobs
section, the peak for χ/Ms occurs in the
5AB horizon while the peak for ARM/χ
occurs in the 5C (Figure 4).

Based on my preliminary results for
these three stratigraphic sections, it is in
fact possible to “unmix” the populations
of magnetic material in Susquehanna
Valley alluvium based on measurements
of ARM and hysteresis parameters. I
should ultimately be able not only to
distinguish materials of pedogenic and
detrital origin but also to distinguish the
older, more strongly developed buried
soils from the much younger topsoil
material. In order to accomplish this,
however, I need to more fully constrain
the chemistry and crystal structure of
each mineral phase. The results I
obtained using the Quantum Designs
MPMS and the LakeShore Cryotronics

While I did find that χ was enhanced (up
to 1 x 10-4 SI) in the samples from soils
and buried soils, I was surprised to find
that the youngest and least “developed”
B horizons from the Holocene alluvium
had some of the highest χ values. I also
found even higher χ in many samples of
unweathered sandy sediment (up to 2 x
10-4 SI) and in soils that formed during
the last interglacial interval (over 5 x 10-4

SI).
One obvious contribution to χ for

Susquehanna Valley alluvium is
magnetic mineral material that was
transported into the valley by glacial ice
and by glacial meltwater after the ice
retreated. One objective which I
accomplished in my IRM visit was to
discriminate these “detrital” grains from
those that formed during soil develop-

Fig. 1:   Magnetic susceptibility for
samples of Susquehanna alluvium

Fig. 2:  Hysteresis ratios (Day Plot) for
three stratigraphic sections

Fig. 3:  Magnetic mineral stratigraphy of the Wyoming T-1
Cutbank section

Fig. 4:  Magnetic mineral stratigraphy of the Jacobs section

Donald M. Thieme
Georgia State University

dthieme@uga.edu

...Reports
continued from p. 3
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the total of 23 LT-SIRM temperature
sweeps along with buried soils from six
stratigraphic sections. Figure 5 presents
the results for five fractions sieved at one
phi interval from the 4Btx horizon in the
Wyoming T-1 Cutbank section. Super-
paramagnetic material can be identified
by the rapid loss of remanence as each
sample was heated from 20 K after being
subjected to a field of 2.5 T. The
presence of magnetite is indicated by an
abrupt drop in remanence at the Verwey
transition for the three coarser fractions,
and for the 4-3 phi fraction in particular.
Oxidation of the magnetite grains toward
maghemite is indicated by a Verwey
transition positioned significantly lower
than 120 K.

I included samples from an archaeo-
logical pit feature and a Pleistocene
interglacial soil as well as horizons from
six stratigraphic sections in the nine FC-
ZFC sweeps. Goethite appears to occur
in all of the samples, based upon the
large difference between the magnetiza-
tion present after cooling in a strong (2.5
T) field compared to that present after
cooling in a zero field. The difference
was the greatest for the Pleistocene
interglacial soil, but it was also signifi-
cant in early to mid-Holocene samples
such as the 4Btx horizon from the
Wyoming T-1 Cutbank section (Figure
6).

I used the LakeShore Cryotronics
AC Susceptometer to measure frequency-
dependent susceptibility for seven
samples from four stratigraphic sections.
Figure 7 presents the in-phase (χ’) and
quadrature (χ”) susceptibilities for the
5AB2 horizon from the Jacobs section.
Paramagnetic material dominates the
pattern, since the susceptibility fell off
rapidly as the temperature was increased
in 10 K steps from 20 K through 100 K.
The slight rise above 100 K results from
changes in either PSD or MD grains or
both at the Verwey transition. Apart from
some noise in the lower-frequency data,
the sample behaves similarly at the
different frequencies.

I have additional data obtained from
petrographic thin-sections and X-ray
diffraction for many of the buried soils
that I studied at the IRM, and for the
Wyoming T-1 Cutbank 4Btx horizon in
particular. Although there are opaque
mineral grains in several of the samples,
much of the iron is found in more
amorphous features that are referred to in
micromorphology as “ferriargillans.” X-
ray diffraction of the clay separate (<2
microns) from the Wyoming 4Btx
indicated both soil mica (illite) and
hydroxy-interlayered vermiculite (HIV).
The material identified as “superpara-
magnetic” by rock magnetic methods
may occur in the interlayer of the HIV
structure or in other weathering products

Fig. 5:  LT-SIRM results for five size fractions from
the Wyoming T-1 Cutbank 4Btx horizon

Fig. 6:  FC-ZFC results for the Wyoming T-1 Cutbank
4Btx horizon

Fig. 7:  Frequency-dependent susceptibilities for the Jacobs
section, 5AB2 horizon

of detrital mica and magnetite. In the
future, I plan to examine magnetic
mineral separates from several of these
horizons with a scanning electron
microscope to better define the mineral
phases that form under conditions typical
of the early- to mid-Holocene in
northeastern Pennsylvania. Mossbauer
spectroscopy might also be useful to
corroborate the oxidation of the detrital
magnetite that is indicated in the results
from both the MPMS and the Lakeshore.

I must thank Mike Jackson, Peat
Solheid, and Jim Marvin for their
instructions and guidance in using the
IRM equipment. Mike was particularly
patient with me while I struggled and all
but failed to master all the valves on the
Lakeshore. Conversations with Qinsong
Liu, France Lagroix, and Brian Carter-
Stiglitz were extremely helpful in
interpreting my data. I apologize for
taking so long to report my results, and I
take full responsibility for any omissions
or inaccuracies in the preliminary
interpretations presented above.

References
Dearing, J. A., Maher, B. A., and

Oldfield, F., Geomorphological
linkages between soils and sedi-
ments: the role of magnetic measure-
ments. In Geomorphology and Soils,
ed. K. S. Richards, R. R. Arnett, and
S. Ellis, pp. 245-266. Allen and
Unwin, Boston.

Dunlop, D. J., 2002, Theory and
application of the Day plot (Mrs/Ms
versus Hcr/Hc). 1. Theoretical curves
and tests using titanomagnetite data:
Journal of Geophysical Research, v.
107, no. B3, p. doi:10.1029/
2001JB000487.

-, 2002, Theory and application of the
Day plot (Mrs/Ms versus Hcr/Hc). 2.
Application to data for rocks,
sediments, and soils: Journal of
Geophysical Research, v. 107, no.
B3, p. doi:10.1029/2001JB000486.

AC Susceptometer contribute important
data toward this objective, particularly
when combined with results that I had
already obtained using X-ray diffraction
of clay separates and micromorphologi-
cal study of thin sections prepared from
samples of the buried soils.

I used the MPMS for both thermal
demagnetization of low temperature
saturation isothermal remanent magneti-
zation (LT-SIRM) and for zero field
cooled low temperature demagnetization
(FC-ZFC). Samples collected from the
modern floodplain and from a Pleis-
tocene interglacial soil were included in
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Current Abstracts
A list of current research articles
dealing with various topics in the
physics and chemistry of magnetism is
a regular feature of the IRM Quar-
terly. Articles published in familiar
geology and geophysics journals are
included; special emphasis is given to
current articles from physics, chemis-
try, and materials-science journals.
Most abstracts are culled from
INSPEC (© Institution of Electrical
Engineers), Geophysical Abstracts in
Press (© American Geophysical
Union), and The Earth and Planetary
Express (© Elsevier Science Publish-
ers, B.V.), after which they are
subjected to Procrustean editing and
condensation for this newsletter. An
extensive reference list of articles
(primarily about rock magnetism, the
physics and chemistry of magnetism,
and some paleomagnetism) is continu-
ally updated at the IRM. This list,
with more than 5200 references, is
available free of charge. Your
contributions both to the list and to
the Abstracts section of the IRM
Quarterly are always welcome.

“... it will be seen that the curves start backwards in a horizontal
direction after a maximum or minimum of force.  Special observa-
tions were directed to this point.  Neither at the maxima nor at the
zeros of force was there any evidence of failure of compensation
when a small backward force was made.  The curves do not differ
much from parabolas; ...after a large movement in one direction, the
curve representing a backward movement coincides... with a
parabola whose ... axis is vertical and vertex coincident with the
point where the backward movement commences.”
From “On the behaviour of iron and steel under the operation of
feeble magnetic forces”, by J. W. Strutt (3rd Baron Rayleigh),
Philosophical Magazine, v. 23, n. 142, 1887.

Biogeomagnetism

Neal, A. L., et al., 2003, Surface structure effects
on direct reduction of iron oxides by Shewanella
oneidensis: Geochimica et Cosmochimica Acta, v.67,
no.23, p.4489-4503.
Cell accumulation has been used as a proxy for cell
activity at three iron oxide single crystal faces;
hematite (001), magnetite (111) and magnetite (100).
Clear differences in cell accumulation at, and release
from the surfaces are observed, with significantly
more cells accumulating at hematite (001) compared
to either magnetite face whilst relatively more cells
are released into the overlying aqueous phase from
the two magnetite faces than hematite. Thus surface
structure effects must be accounted for in future
studies of cell-mineral interactions.

Data Processing and Analysis

Egli, R., 2004, Characterization of individual rock
magnetic components by analysis of remanence
curves, 1. Unmixing natural sediments: Studia
Geophysica, v.48, p.391-446.
An unmixing approach using model functions to
represent the magnetic properties of individual
components, relies on (1) the choice of model
functions that can reproduce the natural properties of
a component with sufficient accuracy by varying a
minimum number of parameters and (2) on very
precise and accurate measurements, which are
necessary to overcome the extreme sensitivity of the
method to noise. The analysis is applied to a large set
of sediments from variable environments and to a set
of artificial magnetite samples. Seven groups of
magnetic components with well-defined and
consistent properties could be identified. Both
lacustrine and marine sediments contain two
magnetically distinct groups of magnetosomes, which
react differently to changes of the redox potential. The
effects of some natural processes, such as weathering,
reductive dissolution and transport could be observed
on the individual components.

Zhang, C. and Ogg, J. G., 2003, An integrated
paleomagnetic analysis program for stratigraphy
labs and research projects: Computers &
Geosciences, v.29, no.5, p.613-25.
In this Windows-based program the user can visualize
data using the Zijderveld projection and the
stereographic projection, in either geographic or tilt-
corrected coordinates, from all or certain demagneti-
zation steps of a sample, or from a single demagneti-
zation step of all samples. Characteristic directions of
each sample are derived by principal component
analysis (PCA). Mean directions from “Fisher”
analysis are computed from click-selected samples
using a designated demagnetization step or the
characteristic directions.

Environmental Magnetism
and Paleoclimate Proxies

Desenfant, F., Petrovský, E. and Rochette, P., 2004,
Magnetic signature of industrial pollution of
stream sediments and correlation with heavy
metals: Case study from south France: Water, Air,
and Soil Pollution, v.152, p.297–312.
We examine the use of rock-magnetic methods
designed to assess the degree of pollution of recent
stream sediments taken from the Arc river (Provence,
France). The aim was to identify industrially-derived
magnetic particles and to link this ‘magnetic
pollution’ to concentrations of heavy metals.
Geological basements allow the easy determination of
magnetic particles of industrial origin. Our results
clearly demonstrate that magnetic anomalies,
observed in the stream sediments along the river, can
be explained by human activities, as they correlate
well with concentrations of lead, zinc, iron and
chromium.

Garming, J. F. L., Lange, G. J. D., Dekkers, M. J.
and Passier, H. F., 2004, Changes in magnetic
parameters after sequential iron phase extraction
of Eastern Mediterranean sapropel S1 sediments:
Studia Geophysica, v.48, p.345-362.
After post-depositional re-oxidation of these anoxic
sediments, pyrite is no longer present and diagenetic
iron phases constitute an important portion of the
iron. Sequential extraction shows that besides
silicates, iron mainly occurs in ‘amorphous’ oxides in
the oxidised part of S1. Some silicon is dissolved
during the extraction for the ‘amorphous’ oxides,
suggesting that ‘amorphous’ iron also occurs as
ferro-silicate coatings. Mineral-magnetic analysis
involved component analysis of the IRM and
hysteresis loop measurements. Three coercivity
phases could be identified in the IRM component
analysis; these were interpreted as ‘detrital’
magnetite, hematite, and biogenic magnetite. The
diagenetically formed iron phases influence the
parameters of the IRM components. Hysteresis
measurements together with the IRM component
analysis, indicate the importance of bacterial
magnetite in the oxidised sapropel, particularly in the
lower part of the active oxidation zone.

Maher, B. A., Alekseev, A. and Alekseeva, T., 2003,
Magnetic mineralogy of soils across the Russian
Steppe: climatic dependence of pedogenic
magnetite formation: Palaeogeography
Palaeoclimatology Palaeoecology, v.201, no.3-4,
p.321-341.
Dust accumulation here is minimal at the present day.
Magnetic and independent mineralogical analyses
identify in situ formation of ferrimagnets in these
grassland soils; increased ferrimagnetic concentra-
tions are associated with higher annual rainfall.
Statistical analysis identifies strongest relationships
between rainfall and magnetic susceptibility and
anhysteretic remanence. This magnetic response
correlates with that of the modern soils across the
Chinese Loess Plateau. Such correlation suggests
that the rainfall component of the climate system, not
dust flux, is a key influence on soil magnetic
properties in both these regions.

Spassov, S., et al., 2003, Detrital and pedogenic
magnetic mineral phases in the loess/palaeosol
sequence at Lingtai (Central Chinese Loess
Plateau): Physics of the Earth & Planetary
Interiors, v.140, no.4, p.255-275.
Thermomagnetic measurements show the presence of
magnetite, maghemite and hematite. Coercivity
spectra identify four main remanence carriers in
different grain size fractions of loesses and
palaeosols. A linear source mixing model indicates
that up to 2/3 of the total IRM of the palaeosols is
due to slightly oxidised pedogenic magnetite. Two
detrital components dominate up to 90% of the IRM
of the loess samples and are ascribed to maghemite
of different oxidation degree. Detrital hematite is
present in all samples and contributes up to 10% of
the IRM. The iron content of the grain size fractions
gives evidence that iron in pedogenically grown
remanence carriers does not originate from the
detrital iron oxides, but rather from iron-bearing
clays and mafic silicates.

Extraterrestrial Magnetism

Choi, B. G. and Wasson, J. T., 2003, Microscale
oxygen isotopic exchange and magnetite
formation in the Ningqiang anomalous
carbonaceous chondrite: Geochimica et
Cosmochimica Acta, v.67, no.23, p.4655-4660.
Magnetite is found together with Ni-rich metal and
sulfide in opaque assemblages in chondrules. The
petrological characteristics and O-isotopic
disequilibrium between magnetite and silicates
suggest the formation of Ningqiang magnetite by the
oxidation of preexisting metal grains by an aqueous
fluid during parent body alteration. Our observations
indicate that, during aqueous alteration in the
Ningqiang parent asteroid, the water/rock ratio was
relatively low and O-isotopic exchange between the
fluid and chondrule silicates occurred on the scale of
individual chondrules.
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Gattacceca, J., Rochette, P. and Bourot-Denise, M.,
2003, Magnetic properties of a freshly fallen LL
ordinary chondrite: the Bensour meteorite: Physics
of the Earth & Planetary Interiors, v.140, no.4,
p.343-358.
Bensour contains Ni-rich taenite, tetrataenite and rare
Co-rich kamacite. Tetrataenite is the main carrier of
NRM, acquired after metamorphism on the parent
body and before entry into Earth’s atmosphere. A soft
coherent component is closely related to the
anisotropy of the meteorite and is interpreted as a
shock remanent magnetization acquired during a large
impact on the parent body. Two harder components
show random directions at a few mm scale. This
randomness is attributed either to the formation
mechanism of tetrataenite or to post-metamorphic
brecciation. All components are likely acquired in
very low (~µT) to null ambient magnetic field, as
demonstrated by comparison with demagnetization
behavior of isothermal remanent magnetization.

Kletetschka, G., Kohout, T. and Wasilewski, P. J.,
2003, Magnetic remanence in the Murchison
meteorite: Meteoritics & Planetary Science, v.38,
no.3, p.399-405.
The Murchison carbonaceous chondrite contains an
ultrasoft magnetic remanence component due to
superparamagnetism. The rest of the remanence may
be due to electric discharge but the level of magnetic
remanence does not support this possibility and points
to a minimum ambient paleofield intensity of 200-
2000 nT during and/or after the formation of the
parent body.

Klingelhofer, G., et al., 2003, Athena MIMOS II
Mössbauer spectrometer investigation - art. no.
8067: Journal of Geophysical Research-Planets,
v.108, no.E12, doi: 10.1029/2003JE002138.
The miniature Mössbauer spectrometer MIMOS II is
a component of the Athena science payload launched
to Mars in 2003 on both Mars Exploration Rover
missions.  The scientific measurement objectives of
the Mössbauer investigation are to obtain for rock,
soil, and dust (1) the mineralogical identification of
iron-bearing phases (e.g., oxides, silicates, sulfides,
sulfates, and carbonates), (2) the quantitative
measurement of the distribution of iron among these
iron-bearing phases (e.g., the relative proportions of
iron in olivine, pyroxenes, ilmenite, and magnetite in a
basalt), (3) the quantitative measurement of the
distribution of iron among its oxidation states (e.g.,
Fe2+, Fe3+, and Fe6+), and (4) the characterization of
the size distribution of magnetic particles.

Madsen, M. B., et al., 2003, Magnetic Properties
Experiments on the Mars Exploration Rover
mission - art. no. 8069: Journal of Geophysical
Research-Planets, v.108, no.E12, doi: 10.1029/
2002JE002029.
The Mars Exploration Rovers each carry a set of
Magnetic Properties Experiments designed with the
following objectives in mind: (1) to identify the
magnetic mineral(s) in the dust, soil and rocks on
Mars, (2) to establish if the magnetic material is
present in the form of nanosized (d < 10 nm)
superparamagnetic crystallites embedded in the
micrometer sized airborne dust particles, and (3) to
establish if the magnets are culling a subset of
strongly magnetic particles or if essentially all
particles of the airborne dust are sufficiently magnetic
to be attracted by the magnets.

Magnetic Field Records and Paleointen-
sity Methods

Biggin, A. J. and Böhnel, H. N., 2003, A method to
reduce the curvature of Arai plots produced
during Thellier palaeointensity experiments
performed on multidomain grains: Geophysical
Journal International, v.155, no.3, p.F13-F19.
Theory pertaining to pTRM acquisition in PSD and
MD grains suggests that the reversed Thellier-Coe
(RTC) method should reduce the curvature of pTRM-
NRM plots, compared to the conventional Thellier-
Coe (CTC) method. Experimental data confirms that
the RTC method is an improvement over the CTC
method in the sense that it acts to reduce the
palaeointensity overestimate produced when an

experiment is abandoned below the Curie temperature
because of alteration.

Strik, G., et al., 2003, Palaeomagnetism of flood
basalts in the Pilbara Craton, Western Australia:
Late Archaean continental drift and the oldest
known reversal of the geomagnetic field: Journal of
Geophysical Research-Solid Earth, v.108, no.B12,
doi:10.1029/2003JB002475.
Positive fold, conglomerate, and reversal tests
confirm that the primary NRM is still preserved in
these 2775-2715 Ma rocks, yielding a
magnetostratigraphy and an APWP for the 60 Myr
interval. Assuming a geocentric axial dipole during
this time interval, the APWP shows that rates of plate
movement were significantly faster than in the
Phanerozoic. In addition, a reversed polarity interval,
with a positive reversal test, is recorded. We argue
that it documents the oldest known geomagnetic
reversals of the geomagnetic field.

Tauxe, L. and Love, J. J., 1042, Paleointensity in
Hawaiian Scientific Drilling Project Hole
(HSDP2): Results from submarine basaltic glass:
Geochemistry Geophysics Geosystems, v.4, no.2,
doi:10.1029/2001GC000276.
These new Thellier-Thellier paleointensity results
nearly double the number of reliable paleointensity
data available for the early Brunhes. Associated
submarine basalts carry dominantly viscous
magnetizations and therefore do not record the true
ancient geomagnetic field intensity at the time of
extrusion. Our new data, when placed on the
approximate timescale available for HSDP and
HSDP2, are at odds with other contemporaneous
paleointensity data. The discrepancy can be
reconciled by adjusting the HSDP timescales to be
younger by about 35 kyr.

Yu, Y., Dunlop, D. J. and Özdemir, Ö., 2003, Effect
of low-temperature treatments on pseudo-Thellier
paleointensity determination: Journal of
Geophysical Research, v.108, no.B4, doi:10.1029/
2002JB002138.
LTD was applied not only to the initial ARM
(simulating NRM) but also after each pARM
acquisition step. Three practical benefits of systematic
LTD were discovered. (1) LTD-treated pseudo-
Thellier results always yielded more accurate intensity
values regardless of grain size and sample lithology.
(2) LTD improved the behavior of MD magnetite in
paleointensity determination, although not as much as
for SD and PSD grains. (3) An unanticipated bonus
was a more even distribution of data points on the
Arai plot, resulting from the fact that LTD causes a
shift of points toward the upper end of the Arai
curves.

Yu, Y. J. and Dunlop, D. J., 2003, On partial
thermoremanent magnetization tail checks in
Thellier paleointensity determination : Journal of
Geophysical Research-Solid Earth, v.108, no.B11,
doi:10.1029/2003JB002420.
We have measured pTRM tails in synthetic and
natural magnetites of many sizes and domain states
(including PSD and MD), starting from two different
initial states. First, a thermally demagnetized sample
was given a pTRM by cooling in a field H from the
blocking temperature TB. The pTRM tail is the
remanence ∆Mptr remaining after zero-field reheating
to TB. ∆M(ptr) is most prominent for large grain sizes
and when TB ≥500ºC. We next measured pTRM tails
∆Mptr* produced in a Thellier paleointensity
experiment. For all synthetic and natural samples,
∆Mptr is significant but ∆Mptr* is negligible. However,
in practical paleointensity studies, the pTRM tail
check method has been shown to be successful in
detecting MD grains. The reason for these contrasting
results is that our experiments were carried out with
the field Hlab that produced pTRM equal in intensity
and parallel to the field H that produced NRM. In this
special situation the pTRM tail is completely masked.
For the pTRM tail check method to be most effective,
either Hlab should be applied at a large angle to the
NRM direction or Hlab should be larger than (twice or
more) the paleofield H.

Magnetic Microscopy and Spectroscopy

Novoselov, K. S., et al., 2003, Subatomic
movements of a domain wall in the Peierls
potential: Nature, v.426, no.6968, p.812-816.
We report observations of the motion of a single
magnetic domain wall at the scale of the individual
peaks and troughs of the atomic energy landscape.
Our experiments reveal that domain walls can become
trapped between crystalline planes, and that they
propagate by distinct jumps that match the lattice
periodicity. The jumps between valleys are found to
involve unusual dynamics that shed light on the
microscopic processes underlying domain-wall
propagation. Such observations offer a means for
probing experimentally the physics of topological
defects in discrete lattices - a field rich in phenomena
that have been subject to extensive theoretical study.

Pizarro, C., Escudey, M. and Fabris, J. D., 2003,
Influence of organic matter on the iron oxide
mineralogy of volcanic soils: Hyperfine Interactions,
v.148, no.1-4, p.53-59.
Samples were studied by chemical methods, powder
XRD and Mössbauer spectroscopy. The degree of
crystallinity of iron oxides was evaluated from the
ratio FeOX/FeDBC (amounts of Fe extracted with
oxalate-oxalic acid and with CBD mixtures). Results
show that the specific saturation magnetization of
soils and crystallinity of iron-rich minerals increase
with decreasing organic matter contents of soils. From
XRD and Mössbauer data, ferrihydrite (ideal formula,
Fe5HO8 

. 4H2O) could be the precursor either of the
soil magnetite or hematite. Older soils were found to
be in an intermediate stage regarding the transforma-
tion of magnetite to maghemite.

Takata, K., Tomiyama, F. and Shiroishi, Y., 2004,
Strain imaging of a magnetic material: Applied
Physics A, no.1, p.41-5.
Magnetic microscopies developed to date sense or
utilize stray magnetic fields, magneto-optical effects,
interactions with electron beams, and so on, while a
novel magnetic microscopy presented in this paper
detects a strain induced by an external magnetic field
using a scanning probe microscope (SPM). As the
strains involve factors depending on the magnetiza-
tion of each domain, we can observe the magnetic
domain structure by detecting the strains. SPMs that
have high sensitivity to surface displacements enable
us to detect small strains and provide high-resolution
magnetic images.

Magnetization & Demagnetization
Processes

Romanus, E., et al., 2003, Determination of energy
barrier distributions of magnetic nanoparticles by
temperature dependent magnetorelaxometry:
Nanotechnology, v.14, no.12, p.1251-1254.
We present a new method for the characterization of
magnetic nanoparticles based on the analysis of the
dependence of the Néel relaxation signal on the
sample temperature. In contrast to the established
characterization methods, the new method directly
delivers the energy barrier distribution of the magnetic
system (in the case of ferrofluid particles or their
aggregates). A water based ferrofluid consisting of
magnetic nanoparticles with an iron oxide core and a
shell of carboxydextran has been magnetically
fractionated and immobilized and the fractions have
been investigated in a temperature range from 77 to
350 K. The influence of the fractionation process on
the distribution of the energy barriers of the particle
system has been studied qualitatively.

Yu, Y. J. and Dunlop, D. J., 2003, Decay-rate
dependence of anhysteretic remanence:
Fundamental origin and paleomagnetic
applications: Journal of Geophysical Research-Solid
Earth, v.108, no.B12, doi:10.1029/2003JB002589.
For synthetic and natural SD and PSD magnetites,
ARM intensity increases as AF decay rate decreases;
MD magnetites have the opposite response. We
interpret the SD results to mean that increased AF

continued on p. 8...
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exposure time permits a closer approach to
equilibrium magnetization. An approximate thermal
activation theory based on Néel [1949] and an exact
theory by Egli and Lowrie [2002] predict 6-11%
increases in ARM for an order of magnitude decrease
in decay rate, in reasonable accord with the observed
12% increase for 65 nm SD grains. For MD grains,
we hypothesize that increased exposure time (slower
decay) permits more efficient self-demagnetization,
reducing ARM. Because ARM is the most frequently
used normalizer in relative paleointensity determina-
tion, it is important either to use a standard decay rate
or else to remove the decay-rate dependence by
demagnetizing the ARM to ~30% of its initial value
(ARM(0.3)). A standard demagnetization level for the
normalizing ARM is particularly important when
comparing paleointensity records from different
laboratories.

Mineral & Rock Magnetism

Beach, G. S. D., et al., 2003, New magnetic order in
buried native iron oxide layers: Physical Review
Letters, v.91, no.26, doi:10.1103/
PhysRevLett.91.267201.
A magnetically ordered buried Fe oxide layer has a
room-temperature magnetization exceeding that of
Fe

3
O

4
 by 42% and of γ-Fe

2
O

3
 by 89%. The oxide

consists of a component (70%) with a net moment of
2.0µ

B
/Fe ion, while the remaining spins yield no net

moment. The oxide magnetization is stabilized in part
by the proximate Fe metal.

Özdemir, Ö. and Dunlop, D. J., 2003, Low-
temperature behavior and memory of iron-rich
titanomagnetites (Mt. Haruna, Japan and Mt.
Pinatubo, Philippines): Earth & Planetary Science
Letters, v.216, no.1-2, p.193-200.
In octahedral crystals with T

C
 of 460-490ºC,

indicating a low Ti content (0.11≤x≤0.16), SIRM
produced at 20 K decreased rapidly in warming
through the isotropic temperature, 42 K≤T

i
≤55 K. 96-

99% of the original SIRM was demagnetized at Ti

and none was recovered in recooling from 300 K to
20 K. SIRM produced at 300 K decreased
continuously in the course of zero-field cooling,
leveling out around Ti. On rewarming to 300 K, 45-
60% of the initial SIRM was recovered. This memory
or recovered remanence is very large compared to
that of magnetite and must be due to domain walls
that are more strongly pinned, probably magnetostric-
tively by crystal defects, which are common in natural
crystals.

Mineral Physics & Chemistry

Dubrovinsky, L. S., et al., 2003, The structure of the
metallic high-pressure Fe3O4 polymorph:
experimental and theoretical study: Journal of
Physics-Condensed Matter, v.15, no.45, p.7697-7706.
Using electrically- and laser-heated diamond anvil
cells at pressures above 40 GPa we synthesized the
pure high-pressure Fe3O4 phase (h-Fe3O4) and
performed an in situ structural refinement. In good
agreement with our ab initio calculations we found
that h-Fe3O4 adopts the CaTi2O4-type structure.
Electrical resistivity measurements show that h-Fe3O4

is metallic up to at least 70 GPa.

Pasternak, M. P., et al., 2003, Pressure-induced
coordination crossover in magnetite; the
breakdown of the Verwey-Mott localization
hypothesis: Journal of Magnetism and Magnetic
Materials, v.265, no.2, p.L107-L112.
Temperature-dependent 57Fe Mössbauer spectroscopy
to 40GPa shows that Fe3O4 undergoes a coordination
crossover (CC), whereby charge density is shifted
from octahedral to tetrahedral sites and the spinel
structure thus changes from inverse to normal with
increasing pressure and decreasing temperature. A
precursor to the CC is a d-charge decoupling within
the octahedral sites at the inverse-spinel phase. The
CC transition takes place almost exactly at the
Verwey transition temperature (TV = 122K) at
ambient pressure. While TV decreases with pressure
the CC-transition temperature increases with pressure,

reaching 300K at 10GPa. The d electron localization
mechanism proposed by Verwey and later by Mott for
T<T

V
 is shown to be unrelated to the actual

mechanism of the metal-insulator transition attributed
to the Verwey transition. It is proposed that a first
order phase transition taking place at T

V
 at ambient

pressure opens a small gap within the oxygen p-band,
resulting in the observed insulating state at T>T

V
.

Poddar, P., et al., 2003, Manifestation of the Verwey
transition in the tunneling spectra of magnetite
nanocrystals: Europhysics Letters, v.64, no.1, p.98-
103.
Tunneling transport measurements performed on single
particles and on arrays of Fe

3
O

4
 nanocrystals provide

strong evidence for the existence of the Verwey metal-
insulator transition at the nanoscale. The resistance
measurements on nanocrystal arrays show an abrupt
increase of the resistance around 100 K, consistent
with the Verwey transition, while the current-voltage
characteristics exhibit a sharp transition from an
insulator gap to a peak structure around zero bias
voltage. These data provide insight into the roles
played by long- and short-range charge ordering in the
Verwey transition.

Walz, F., Brabers, V. A. M., Brabers, J. and
Kronmuller, H., 2003, Stress-induced relaxation
mechanisms in single-crystalline titanomagnetites:
Journal of Physics-Condensed Matter, v.15, no.41,
p.7029-7045.
Magnetic after-effect (MAE) spectra of Ti4+-
substituted, slightly oxidized magnetite single crystals,
Fe

3-x
Ti

x
O

4+δ (0.1<x≤1.0 and δ<0.005) in the
temperature range 4 K<T≤500 K are characterized by:
(i) suppression of low-temperature (4 K<T<35 K)
electron (e

-
)-tunnelling; (ii) severely damaged variable-

range e
-
-hopping (50 K < T < 125 K), culminating in a

pronounced ‘negative’ Debye-type peak near 65 K;
(iii) the occurrence of a remarkable MAE near 210 K;
(iv) the nearly complete suppression of all ‘type III’
related, vacancy-mediated relaxations near 300 K; (v)
the occurrence of a huge, ‘type II’ relaxation
maximum near 480 K for x~0.1 and reaching ~380 K
for x = 0.6. These processes are shown to interfere
with internal stresses induced into the orthogonal (B)
sublattice upon Ti-doping due to the transformation of
Fe3+ into more extended Fe2+ ions which have a greater
volume. This stress induction is found to reach its
maximum near x = 0.2; its decay on further doping is
explained by the beginning of a resubstitution of Fe2+

ions from B- onto A-sites of the tetrahedral sublattice.

Ziemniak, S. E. and Castelli, R. A., 2003, Immiscibil-
ity in the Fe3O4-FeCr2O4 spinel binary: Journal of
the Physics and Chemistry of Solids, v.64, no.11,
p.2081-91.
A recent thermodynamic model of mixing in spinel
binaries, based on changes in cation disordering (x)
between tetrahedral and octahedral sites, is
investigated for applicability to the Fe3O4 -FeCr2O4

system under conditions where incomplete mixing
occurs. Poor agreement with measured consolute
solution temperature (Tcs) and solvus is attributed to
neglect of: (1) ordering of magnetic moments of
cations in the tetrahedral sublattice antiparallel to the
moments of those in the octahedral sublattice and (2)
pair-wise electron hopping between octahedral site
Fe3+ and Fe2+ ions. Disordering free energies (∆GD),
from which free energies of mixing are calculated, are
modeled and the previously neglected effects are
accommodated by: (1) adding a non-configurational
entropy term to provide coupling between cation
disordering and magnetic ordering and (2) revising the
configurational entropy (Sc) analysis. The revised
mixing model predicts Tcs=600ºC and a solvus at
500ºC of n=0.05 and 0.70 for the Fe(Fe1-nCrn)2O4

spinel binary.

Modeling and Theory

Baetzold, R. C. and Yang, H., 2003, Computational
study on surface structure and crystal
morphology of γγγγγ-Fe2O3: Toward deterministic
synthesis of nanocrystals: Journal of Physical
Chemistry B, v.107, no.51, p.14357-14364.
This work is the first application of classical
atomistic theory to a comprehensive treatment of γ-
Fe2O3 surfaces. The surface energy and attachment
energy of several low-index surfaces of γ-Fe2O3 have
been calculated by the classical atomistic simulation
methods. The (112) surface consisting of iron and
oxygen ions had the smallest relaxed surface energy
of 1.86 J/m2, while several others including (001),
(011), and (012) were within 0.1 J/m2 of this value.
The calculated surface energies of these planes were
used in a Wulff plot to predict a polyhedral crystal
habit for these crystals at thermodynamic
equilibrium. The (111) surfaces terminated with iron
ions had the smallest attachment energies, and an
octahedral crystal with (001) facets is predicted for
the growth morphology of γ-Fe2O3. Such surfaces
possess iron ions in 3-fold coordination sites at 0.5
Angstrom above the plane of oxygen ions, making
them accessible to interact with adsorbed molecules.
This information is relevant to understanding the
growth of nanocrystals of γ-Fe2O3.

Carter-Stiglitz, B., Moskowitz, B. and Jackson, M.,
2003, Low-temperature remanence in stable
single domain magnetite: Geophysical Research
Letters, v.30, no.21, doi:10.1029/2001GL014197.
A numerical model is developed in order to simulate
the loss of low-temperature remanence while
warming through the Verwey transition. We
concentrate on the amount of remanence lost (δfc and
δzfc) during field cooled and zero field cooled low
temperature demagnetization curves for stable single
domain (SSD) particles of (1) inorganic magnetite
and (2) biogenic magnetite in the form of
magnetosome chains. The model predicts that delta
ratios (δfc/δzfc) for inorganic SSD magnetite increase
from 1 to 1.6 with increasing aspect ratio and that
magnetosome chains have elevated delta ratios of at
least 2.0. Disaggregated magnetosomes are predicted
to behave similarly to inorganic acicular SSD
magnetite. The numerical results agree with
experimental results.

Nanophase and Disordered Systems

Barron, V., Torrent, J. and de Grave, E., 2003,
Hydromaghemite, an intermediate in the
hydrothermal transformation of 2-line
ferrihydrite into hematite: American Mineralogist,
v.88, no.11-12 Part 1, p.1679-1688.
The slow hydrothermal transformation of 2-line
ferrihydrite into hematite at temperatures ranging
from 125 to 200ºC was monitored by XRD, infrared
spectroscopy, Mössbauer spectroscopy (MS),
magnetic and thermal analysis, and TEM. At 150ºC,
pure 2-line ferrihydrite transformed rapidly into
hematite. The products of transformation of 2-line
ferrihydrite with P/Fe=2.75% or citrate/Fe=3% had a
magnetic susceptibility of >240x10-6 m3/kg and were,
according to XRD and MS data, mixtures of
hematite with structural P, 6-line ferrihydrite, and a
magnetic phase. This phase exhibited most of the
characteristic reflections and MS features of
maghemite, and occurred as 7-30 nm subrounded
particles with lattice fringes corresponding to the
maghemite (310) and (220) planes. It was designated
“hydromaghemite” because it lost >3% water
between 110 and ~350ºC. At 150ºC, complete
transformation into hematite occurred in <120 days.

Kukkadapu, R. K., et al., 2003, Transformation of
2-line ferrihydrite to 6-line ferrihydrite under
oxic and anoxic conditions: American Mineralogist,
v.88, no.11-12 Part 2, p.1903-1914.
In oxic experiments, concentrated suspensions of
freshly synthesized 2-line ferrihydrite, with and
without 3% Ni2+, were aged at 25ºC for more than
three years. XRD, TEM, and Mössbauer
spectroscopy showed production of 6-line
ferrihydrite and goethite, with minor hematite. The
joint, interrelated effects of Ni and pH influenced
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both the extent of conversion of 2-line ferrihydrite and
the identity of the major transformation products. Six-
line ferrihydrite dominated in the Ni ferrihydrite
suspension, whereas goethite dominated in the
absence of Ni. Aggregation-induced crystallization of
2-line ferrihydrite particles seemed responsible for 6-
line ferrihydrite formation. Under anaerobic
conditions using the Fe3+-reducing bacterium S.
putrefaciens, residual 6-line ferrihydrite dominated
bioreduced samples that also contained goethite and
magnetite. The conversion of 2-line ferrihydrite to 6-
line ferrihydrite was considerably more rapid under
anaerobic conditions. The sorption of biogenic Fe2+

apparently induced intra-aggregate transformation of
2-line ferrihydrite to 6-line ferrihydrite.

Poulton, S. W., 2003, Sulfide oxidation and iron
dissolution kinetics during the reaction of
dissolved sulfide with ferrihydrite: Chemical
Geology, v.202, no.1-2, p.79-94.
Electron transfer between solid phase Fe(III) and
surface-complexed sulfide results in the reduction of
Fe(III) and the formation of elemental sulfur.
Subsequent formation of solid phase FeS occurs
following dissolution of Fe(II) and reaction with
dissolved sulfide. However, the majority of the Fe(II)
produced at pH 7.5 remained associated with the
oxide surface on the time-scale of these experiments.
Reaction rates are dependent on the availability of
reactive surface sites; the more reactive surface sites
become saturated with sulfide at relatively low
ferrihydrite to dissolved sulfide ratios. In many
natural sulfidic environments, the iron oxide to
dissolved sulfide ratio is expected to be lower than
during this laboratory study. Thus, surface saturation
will exert an important influence on reaction rates in
nature.

Shabashov, V. A., et al., 2003, Phase transforma-
tions in iron oxide-metal systems during intensive
plastic deformation: Materials Science &
Engineering A, p.1-2.
Schemes of the dynamic dissolution of iron oxides in
metallic Me (Fe, Ni, Cr, Ti, Al) matrices have been
determined using Mössbauer spectroscopic, X-ray
diffraction, and transmission electron microscopic
methods. It was shown that phase transformations of
the hematite and the magnetite under compression
shear (CS) at room temperature were accompanied by
appearance of cation-deficient oxides and metallic
solid solutions. The dissolution process depended on
the ability of the metallic matrices to form solid
solutions and chemical compounds with iron and
oxygen. New structural forms of oxides, which
presumably contained a high oxygen concentration,
were found. It was hypothesised that oxide dispersion
strengthened alloys could be prepared by CS of a
mixture of iron oxides and metals.

Zysler, R. D., et al., 2003, Size dependence of the
spin-flop transition in hematite nanoparticles:
Physical Review B, v.6821, no.21, doi:10.1103/
PhysRevB.68.212408.
TEM measurements show that the particles are
acicular/ellipsoidal, with a major axis of 330±50 nm
and a minor axis of 70±10 nm. TEM and XRD show
that the nanoparticles are made of hematite
crystallites, which grow with increasing annealing
temperature. Both the Morin transition temperature
(TM) and the spin-flop transition field (Hsf) increase
with increasing crystallite size (d): for instance, for
d=36 nm particles TM=164 K and the value of Hsf

extrapolated at T=0 (Hsf0) is 1.7 T, whereas for bulk
hematite TM=263 K and Hsf0=6.5 T. Both Hsf0 and TM

follow a 1/d dependence, indicating that their
variation is mainly driven by surface effects.

NRM Carriers and Origins

Liu, Q. S., et al., 2003, Determination of magnetic
carriers of the characteristic remanent
magnetization of Chinese loess by low-temperature
demagnetization: Earth & Planetary Science Letters,
v.216, no.1-2, p.175-186.
The thermal, AF, and LTD spectra of ChRM in
samples from Touxiangdao show that coarse-grained,
PSD/MD magnetite and PSD maghemite particles are
the main magnetic carriers of the loess and paleosol

ChRMs, respectively. By comparing the ChRM
characteristics across a loess/paleosol transition zone.
we have found that during pedogenesis, the thermally
separable ChRM (original DRM) carried by the PSD/
MD magnetite in loess is gradually overprinted by the
CRM carried by PSD maghemite. Even moderate
pedogenesis (e.g., for the pedogenically altered loess)
can strongly affect the loess ChRM. Thus more
attention has to be focused on the paleosol ChRM
separated solely by thermal demagnetization,
especially when constructing a continuous
paleomagnetic record covering both loess and
paleosol units.

Synthesis and Properties of Magnetic
Materials

Betancur, J. D., et al., 2003, Thermally driven and
ball-milled hematite to magnetite transformation:
Hyperfine Interactions, v.148, no.1-4, p.163-175.
α-Fe

2
O

3
 was transformed to Fe

3
O

4
 by two solid-state

reaction methods: thermal treatment under a 20% H
2

and 80% N
2
 atmosphere at 375ºC; and planetary ball

milliing. The phases evolution was followed by
Mössbauer spectroscopy and XRD. For the thermally
treated samples a well-behaved structural
transformation formed a single phase, highly
stoichiometric Fe

3
O

4.
  Ball milling for more than 3

hours produced a less stoichiometric magnetite
characterized by a distribution of hyperfine fields.

Blakey, B. C. and James, D. F., 2003, The viscous
behaviour and structure of aqueous suspensions of
goethite: Colloids & Surfaces A-Physicochemical &
Engineering Aspects, v.231, no.1-3, p.19-30.
Aqueous suspensions of goethite, prepared at neutral
pH, were found to be flocculated, highly viscous and
extremely shear thinning at particle volume fractions
from 0.01 to 0.08. Then a suspension having a
volume fraction of 0.02 was observed by optical
microscopy over a range in pH values, and fluid
structure correlated with viscous behaviour, that is, a
pH that produced a more dispersed structure yielded a
lower viscosity and a lower degree of shear thinning.
Flocculation and high viscosity were found to persist
at high zeta potentials. The persistence could not be
predicted using classical DLVO theory, which
indicated the presence of an attractive force in
addition to van der Waals forces. It was hypothesized
that the different crystal faces of goethite possess
different charges and thus provide an additional
attractive force, one that is electrostatic. The theory
was supported by electron microscopy studies of
mixtures of goethite and charged latex spheres.

Lian, S., et al., 2003, Convenient synthesis of single
crystalline magnetic Fe3O4 nanorods: Solid State
Communications, v.127, p.9-10.
The synthesis of the uniform single crystalline
magnetic Fe3O4 nanorods in a solution-phase
approach in the presence of polyethylene glycol-
1000(PEG-1000) is described. This is a convenient
solution-phase route to large-scale synthesis of Fe3O4

nanorods with average diameters of ca. 80 nm and
lengths of up to 2 µ m. The composition of the
nanorods is appraised by X-ray photoelectron
spectroscopy (XPS). Transmission electron
microscopy images show that the magnetite particles
are homogeneous and have the shape of rods. The
mechanism of forming Fe3O4 nanorods is also
discussed.

Morales, A. L., et al., 2003, Properties of goethite
grown under the presence of Cr3+, Cu2+ and Mn2+

ions: Hyperfine Interactions, v.148, no.1-4, p.135-
144.
This study is focused on properties of goethite related
to the inhibition of the corrosion process in low alloy,
weathering steels. These steels are characterized by
the presence of small amounts of Cr3+, Cu2+ and Mn2+

ions, which drive their protecting behavior in mild
atmospheres. Several goethite samples with 5 mole %
content of the alloying elements in nominal
composition are synthesized by a hydrolysis route.
Additionally, Cl-, SO4

2- are used as precursor ions in
order to simulate the presence of atmospheric
pollutants. All samples are analyzed by X-ray

diffraction and 57Fe transmission Mössbauer
spectroscopy (MS). The presence of the alloying
elements and pollutant ions reduces the overall
magnetic interactions in goethite, which is reflected in
the lowering of the hyperfine field of maximum
probability at 77 K, in comparison to that of pure
goethites. However, the mechanisms of the magnetic
interaction reductions are different for each
combination of alloying element and pollutant ions.
Finally the combined effect of anions and cations
produces a wider distribution of particle sizes.

Nath, M., Choudhury, A., Kundu, A. and Rao, C. N.
R., 2003, Synthesis and characterization of
magnetic iron sulfide nanowires: Advanced
Materials, v.15, no.24, p.2098-2101.
Large quantities of Fe1-xS (x=0.12 and 0.1-0.08)
nanowires have been prepared by the thermal
decomposition of a hybrid precursor, Fe1-xS(en)(0.5)
(x=0.2-0.3, en=ethylenediamine). Removal of the
amine from Fe1-xS(en)(0.5) at 200 and 300ºC under
Ar flow yields Fe7S8 and Fe1-xS (x~0.09) nanowires,
respectively, with well-defined morphologies. The
Fe7S8 nanowires are ferrimagnetic at room
temperature.

Ngo, A. T. and Pileni, M. P., 2003, Assemblies of
cigar-shaped ferrite nanocrystals: orientation of
the easy magnetization axes: Colloids & Surfaces A-
Physicochemical & Engineering Aspects, v.228, no.1-
3, p.107-117.
Mesoscopic structures made of cigar-shaped
maghemite (γ-Fe2O3) nanocrystals differing by their
sizes are described. The structures were prepared by
slow evaporation of a dilute suspension of
nanocrystals, to which could be applied a magnetic
field parallel to the substrate. If a magnetic field was
applied, the nanocrystals rotated their long axis along
the magnetic field direction to form ribbons whereas
without a field the nanocrystals remained deposited
on the substrate with a random orientation. The
aligned nanocrystals are responsible of the anisotropy
of the ribbons as evidenced by the hysteresis loops.
Moreover, a high demagnetizing field is observed
when the magnetization measurements are made with
an applied field normal to the ribbons.

Przepiera, K. and Przepiera, A., 2003, Thermal
transformations of selected transition metals
oxyhydroxides: Journal of Thermal Analysis &
Calorimetry, v.74, no.2, p.659-666.
The results of investigation of thermal
dehydroxylation of freshly precipitated iron(III)
oxyhydroxide, α-FeO(OH) (goethite) and
titanium(IV) oxyhydroxide, TiO(OH)2 are reported.
The measurements have been carried out by
thermogravimetric method in static air atmosphere at
different heating rates. The crystal structure of
intermediate products has been identified by X-ray
powder diffractometry. The JMAEK model A3 has
been used as the adequate equation representing the
dehydroxylation process of precipitated goethite. The
third order model F3 has been used for describing the
rate of dehydroxylation reaction of titanium(IV)
oxyhydroxide. The products of thermal
dehydroxylation of mentioned oxyhydroxides can be
used as precursors for preparation of ferrites or
titanates.
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phase variation M’cos(ωt) and an out-of-
phase variation M”sin(ωt), with
M’2+M”2=M

0
2 and tanδ=M”/M’.

Many natural phenomena involve
phase lags, and very often the lag is not
simply a delayed response to a changing
variable, but more of an accumulated or
integrated response.  For example, the
seasonal temperature variation here in
Minneapolis reaches its extreme values
in January and July, about a month (δ~π/
6) after the extremes of insolation, and
the lag is generally related to time
required for dissipation of thermal energy
excesses/deficits accumulated and stored
in the ground during the preceding half-
cycle.  Similarly, magnetization that
accumulates in one direction (say,
positive) during an AC-field half-cycle
lingers into the subsequent opposite-
polarity half-cycle, gradually decaying
and eventually giving way to an
accumulating negative magnetization.

This is nothing new - in 1949 Louis
Néel presented a far more rigorous
account than you will find here, in his
classic “Théorie du trainage...” .  Yet
imaginary susceptibility remains an
obscure and little-discussed concept in
rock magnetism, despite being both quite
useful in sample characterization and
rather interesting in its own right.  This
neglect is due, at least in part, to the
limitations of commercial AC suscepti-
bility instruments, most of which
measure only the in-phase response*.

There are three major physical
mechanisms that produce out-of-phase
AC signals: (1) viscous relaxation
(thermally-activated approach to an
equilibrium state - this was one of Néel’s
great contributions); (2) electrical eddy
currents (induced by the AC field in
conductive materials); and (3) weak-field
hysteresis (nonlinear and irreversible
dependence of M on H).  Mechanisms
(1) and (2) result in a frequency
dependence of both in- and out-of-phase
responses, whereas (3) yields signals that
are independent of AC frequency (but
dependent on AC amplitude).

Of these, conductive effects are the
least significant for most (but not all!)
geological materials, as well as the most
complicated mathematically, so let’s
dispatch them first with a brief and
highly simplified treatment.  A magnetic
field changing with time generates an
electric field and thus, in conductive
material, produces electric currents.  The
electric field intensity and current
strength vary in proportion to the rate of
change in the magnetic field (Faraday’s
law of induction), and thus they are out-

of phase with an applied AC field.  The
induced currents in turn produce
secondary magnetic fields (Ampère’s
law), which are also out-of phase with the
applied field, i.e. if H

applied
 varies as

cos(ωt) then H
secondary

 varies according to
sin(ωt) or equivalently, as cos(ωt-π/2).
(The name quadrature alludes to the
quarter-period phase lag, δ=2π/4, and
more indirectly to the common math-
ematical usage related to integration.)
Complications arise because the time-
varying secondary magnetic fields also
generate currents and thus produce
tertiary magnetic fields varying as cos(ωt-
π), or equivalently as -cos(ωt), i.e., a
negative in-phase response.  Moreover
the eddy currents dissipate energy, and
the external field variations are conse-
quently attenuated in the material, with a
scale length (“skin depth” d) related to
resistivity and permeability of the
material as well as frequency of the
applied field, and response is thus a
strong function of the size and shape of a
conductive body.  For a conductive
sphere of radius R (and defining γ = R/d),
Landau et al [1984] give the results
κ’=(9γ/4) [sinh(2γ)-sin(2γ)] / [cosh(2γ)-
cos(2γ)] -(3/4) and  κ”=(9γ/4)
[sinh(2γ)+sin(2γ)] / [cosh(2γ)-cos(2γ)] -
(9γ2/4).  (We leave it as an exercise for the
student to derive this.)  For examples of
conductive AC behavior, see Linford et
al., IRM Quarterly, v. 12, n. 1, 2002.

Let’s now move on to the next
mechanism, weak-field hysteresis, which
was first measured and described by
Rayleigh [1887].  Ewing had recently
discovered (and named) the phenomenon
of hysteresis in strong magnetic fields,
but behavior in weak fields still remained
an open question.  Ewing [1886] thought
that in very weak fields, dM/dH ap-
proached zero: “a kind of frictional
retardation... must be overcome by the
magnetizing force before deflection
begins at all.”  Rayleigh became inter-
ested in the question, writing “though his
curves suggested that the initial value of κ
may be finite, they afford no positive
proof that it is not initially zero, or even
negative”, and he carefully investigated
the behavior of iron in fields down to 10-4

times the horizontal geomagnetic field
intensity H

H
 (i.e., down to ~2 mA/m).  He

found that κ was positive and quite large,
and that “no failure of proportionality
could be detected with forces ranging
from about H

H
/5 to H

H
/10000.”  For the

initial magnetization in steady DC fields
larger than H

H
/5 (~4 A/m), Rayleigh

found that κ increased in proportion to H
(M=aH+βH2; κ=a+βH), but that the
situation was more complicated in AC
fields, where magnetization is both
nonlinear and irreversible: “When...
certain limits are exceeded there is no
fixed relation between the quantities; and
if κ is still to be retained, it requires a

fresh definition.  It is not merely that κ,
as at first defined, ceases to be constant,
but rather that it ceases to exist” since it
is not single-valued.  Rayleigh calcu-
lated the Fourier series for parabolic
minor loops in an ac field, M(t) =
[aH

0
+βH

0
2] cos(ωt) + [4βH

0
2/(3π)]

sin(ωt) (plus higher odd harmonics
related to the waveform asymmetry; see
fig, next page).  Thus the magnetization
timeseries is resolved into in-phase and
quadrature components, and the “fresh
definition” of susceptibility follows
naturally, with corresponding in-phase
κ’=M’/H

0
=a+βH

0
 and quadrature

κ”=4βH
0
/(3π) components (both of

which depend linearly on amplitude).
Rayleigh commented that “too

definite a character must not be ascribed
to the above-mentioned limit of H

H
/5”,

and indeed the threshold of nonlinearity
varies strongly with mineralogy and
grain size.  Magnetite generally behaves
linearly in fields up to 1000 A/m or
more, and various textbooks state more
generally (and less correctly) that the
susceptibilities of rocks and sediments
are independent of amplitude up to ~ 1
mT (800 A/m).  The threshold is in fact
much lower (101 - 102 A/m) for such
important minerals as pyrrhotite,
titanomagnetite and hematite [e.g.,
Worm, 1991; Worm et al., 1993;
Hrouda, 2002], all of which generate
significant quadrature signals in the ac
fields (102-103 A/m) used in commercial
susceptibility instruments.

Now let’s return to viscous relax-
ation, which Néel quantified for
populations of aligned single-domain
(including both superparamagnetic and
stable SD) grains, by the exquisitely
simple rate law dM/dt=(M

eq
-M)/τ †. Here

the equilibrium magnetization M
eq 

is
derived from Maxwell-Boltzmann
statistical mechanics, and reflects the
distribution of grains in low-energy (M
parallel to H) and high-energy (antipar-
allel) states: M

eq
=M

s
tanh(VM

s
H/(k

b
T)).

In a constant applied field, at constant
temperature, M

eq
 is also constant, and

the magnetization evolves according to
the familiar form M(t)=M

eq
(H,T) + [M

0
-

M
eq

(H,T)]exp(-t/τ), with exponential
decay of the ‘disequilibrium’ magnetiza-
tion.  In a weak ac field, things get more
interesting, as both M and M

eq
 are time-

dependent (M
eq

(t) ~ VM
s
2H(t)/(k

b
T) ~

M
eq

(H
0
)cos(ωt)).  The rate law then has

the solution M(t) = M
eq

(H
0
) [cos(ωt)-

ωτsin(ωt)] / (1+ω2τ2), i.e., M has both
in-phase and quadrature components.

_____________
*The newest incarnation of the popular
Kappabridge (http://www.agico.com/)
measures both in-phase and quadrature
components.

_____________
†The relaxation time τ depends exponentially
on the ratio VM

S
H

K
/(k

b
T), where V is grain

volume, M
S
 is spontaneous magnetization, H

K

is microscopic coercivity, k
b
 is Boltzmann’s

constant, and T is absolute temperature.

...Imaginagry
continued from p. 1
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Strutt, John William
(Lord Rayleigh)

b. Nov 12, 1842, Langford Grove, Maldon, Essex
d. June 30, 1919, Terling, Essex

Rayleigh was awarded the 1904 Nobel prize in
physics for his co-discovery of argon (with William
Ramsey, who won the chemistry Nobel the same
year).  During his career Rayleigh published 445
papers spanning much of classical physics.  A
particularly strong interest in all sorts of wave
phenomena (elastic, acoustic and optic) resulted in
papers on radiation scattering, the color and
polarization of skylight, and his book The Theory of
Sound.  In honor of his important theoretical work,
longitudinal surface waves are referred to as
Rayleigh waves.  Rayleigh also worked on standard-
izing electromagnetic units, and on basic problems in
electricity and magnetism, including hysteresis in
weak fields, which is described by Rayleigh’s law.

1. Applied Field
H(t)=Ho cos(ωt)
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Rayleigh Law:
M=kH+aH^2 
M=kH

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) = κ

SP
H(t) =

M
eq

(H
0
)H(t)/(H

0
).  With increasing

frequency and/or relaxation time, the
time constants for measurement and
relaxation become comparable (τ/
τ

m
~ωτ~1), and the magnetization

becomes more “viscous,” lagging
significantly, with roughly equal in-phase
and quadrature components:
M’~M”~M

eq
(H

0
)/2.  Finally, for very high

ω and/or very long τ, the grains reach the
stable SD state (κ

//
→0).  Néel showed

that for grains with a wide distribution of
relaxation times, the quadrature signal is
proportional to the frequency-depen-
dence of the in-phase susceptibility: κ”=-
π/2 d(κ’)/d(ln f).

OK, now suppose that you have
measured a sample and discovered a
significant κ”.  How can you tell whether
it is due to conductive eddy currents
(indicating the presence of native gold or
iron, or perhaps graphite...), or hysteresis
(signifying pyrrhotite, hematite, iron or
titanomagnetite), or short-period
viscosity (pointing to a significant SP-
SSD presence)?  Unfortunately, you
can’t, unless you can measure in ac fields
of different amplitude, or even better,
different frequency, or best of all, both.
The relationships between κ”and the
frequency- and amplitude-dependence of
κ’ allow identification of the origins of
the quadrature signal.

Finally, why “imaginary”?  Euler’s
identity eiθ=cosθ + i sinθ (whence the
celebrated and poetic eiπ+1=0) relates the
complex exponential and trigonometric
functions (i=[-1]1/2).  This provides a
powerful and efficient tool for solving

the linear differential equations that
describe oscillating systems.  Consider
the following complex periodic function
: M(t)=(M’-iM”)eiωt.  If you expand the
exponential using Euler’s identity,
multiply, and collect the real terms,
you’ll obtain the familiar
M(t)=M’cos(ωt) + M”sin(ωt).  Thus the
(negative) imaginary part of the complex
amplitude equals the amplitude of the
out-of-phase component of the real part
of the complex magnetization (to put it
simply).
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Linear M(H) behavior (lower left, solid curve) maps an applied ac field H(t) (top) into an in-phase M(t) (right, solid).  Nonlinear, irreversible Rayleigh
behavior results in a phase shift and waveform distortion (dashed curves).
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The Institute for Rock Magnetism is
dedicated 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
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Moskowitz, Professor/Associate
Director; Jim Marvin, Senior Scientist;
Mike Jackson, Senior Scientist and
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Scientist.
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Congratulations!

Two IRM students have recently
completed and defended their PhD
dissertations: Brian Carter-Stiglitz

(“Rock Magnetism: Studies in Theory,
Data Analysis, and Application,”
August 27, 2003; Thesis advisors Subir
Banerjee and Bruce Moskowitz) and
France Lagroix (“Contributions from

Rock Magnetism to Central Alaskan
Loess Deposits and Titanium Rich
Compositions of the Hematite-Ilmenite
Solid Solution Series,” March 24, 2004;
Thesis advisor Subir Banerjee).


