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OK, here it is: the obligatory Einstein
annus mirabilis centennial article.  As
you are undoubtedly aware, 2005 has
been designated by the United Nations as
the “World Year of Physics” to com-
memorate the phenomenal achievements
of Albert Einstein during the year in
which he completed his doctorate:
special relativity and E=mc2; particulate
light and the photoelectric effect;
molecular kinetics and Brownian motion.

These ideas permeate science to such
an extent that most of us take them for
granted.  Let’s trace how one of them,
Brownian motion - and the underlying
statistical mechanics of thermal fluctua-
tions - is connected to important work in
magnetic single-domain theory.  Néel’s
classic work [1949, 1955] in this area
was further developed by William Fuller
Brown [1963, 1979].  Brown’s theoreti-
cal treatment is explicitly “based on a
Brownian motion approach.”  He is of
course referring here to another Brown,
namely the Scottish botanist Robert
Brown.  Brown the botanist was not the
discoverer of Brownian motion (which
had already been observed in the 17th
century by Leeuenhoek), but he
investigated it systematically in the
1820s.

Studying pollen grains of a newly-
discovered flower species, Brown [1828]
observed that after bursting open, the
grains released “particles or granules...
varying from nearly 1/4000th to about 1/
5000th of an inch in length... very
evidently in motion; their motion
consisting not only of a change of place
in the fluid... but also not unfrequently of
a change in form in the particle itself; a

Brownian
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contraction or curvature taking place
repeatedly about the middle of one side,
accompanied by a corresponding
swelling or convexity on the opposite
side...” He initially attributed the motions
to the activity of live cells.  However
when he subsequently observed similar
motions in some very old pollen samples,
he was prompted to investigate further
and found the same erratic movements in
inorganic materials as well: “Rocks of all
ages... yielded the molecules in abun-
dance... travertine, stalactites, lava,
obsidian, pumice, volcanic ashes, and
meteorites from various localities... Of
metals I may mention manganese, nickel,
plumbago, bismuth, antimony and
arsenic.  In a word, in every mineral
which I could reduce to a powder,
sufficiently fine to be temporarily
suspended in water, I found these
molecules more or less copiously...

agreeing in size, form, and motion with
those which I had already seen.”
Brownian motion is too localized and
erratic to be attributed to particle
entrainment in water flow (e.g. due to
thermal convection), and a physical
mechanism remained elusive.  In La
Science et l’Hypothèse (1902), Poincaré
identified some of the outstanding
scientific problems for the new century,
including the origin of Brownian motion,
as well as the mechanism of the
photoelectric effect and the failure of
efforts to detect the ether, all of which
were dispatched by Einstein before the
century really had a chance to get started.

Einstein came at the problem from a
very fundamental point of view, aiming
not to explain Brownian motion per se
(the details of which were not well
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Stereoscopic view of simulated 3-dimensional Brownian motion.
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CBD attacks Alaskan loess!

Introduction
Sodium Citrate-sodium Bicarbonate-

sodium Dithionite or CBD for short is a
chemical extraction technique by which
the iron is reduced by the dithionite and
chelated by the citrate in a solution
buffered by the bicarbonate.  The
technique was tested against other
methods by Mehra and Jackson [1960]
who concluded that “the bicarbonate-
buffered Na

2
S

2
O

4
 system was the most

effective in removal of free iron oxides
(…) and the least destructive of iron
silicate clays”.  They also noted the
effectiveness of CBD in dissolving both
“crystalline hematite” and “crystalline
goethite”.  Other studies have demon-
strated that the effectiveness or ability of
CBD to dissolve magnetite and
maghemite is dependent on the experi-
mental conditions (amount of dithionite,
number and duration of treatments,
temperature), the concentration of
magnetic particles, and, most impor-
tantly, their grain-size.  The preferential
dissolution of smaller grain-sizes is
blatant when comparing pre- and post-
CBD treated magnetic susceptibility
values of a Chinese loess profile [e.g.,
fig. 2a in Sun et al., 1995 or Fig. 6a,b in
Deng et al., 2005], partly leading to the
generalization that CBD extractable iron
equals the pedogenic signal.

The temporal variability of the
magnetic susceptibility of loess –
paleosol deposits in central Alaska is
dominated by the lithogenic component
while the pedogenic component appears
to play a much lesser role.  Controlled
studies evaluating the effects of CBD
treatments on magnetite and maghemite
have been, for the most part, conducted
on synthetic minerals or natural samples
from the Chinese Loess Plateau.  How
does Alaskan loess behave when treated
with CBD?  Can we learn more or
quantify with better accuracy the
pedogenic component, the primary
aeolian component, and/or diagenetic
alterations?

Experimental Approach
In order to address these questions, a

preliminary study was conducted on four
characteristic samples representing four
type zones which have differing magnetic
mineral assemblages, concentrations, and
grainsize distributions, from two loess
deposits (HH3 and GHS2) in Central
Alaska.  Type 1 is the currently forming
soil represented by the A soil horizon.
Type 2 corresponds to loess (parent
material) proximal to the base of the soil

or paleosol and is represented by the C
OX

soil horizon.  Type 3 is the parent loess
material represented by the C soil
horizon.  Type 4 is a buried soil, a
paleosol.  For example, we could deduce
from Figure 1 that the magnetic minerals
vary in type, concentration and grainsize
between Types 1, 2 and 3.  In principle,
the behaviour of Type 4 and 1 should
only differ due to the effect of diagenetic
alterations.  The magnetic mineralogy of
the loess studied here is dominated by
magnetite, titanomagnetite and their
oxidized counterparts.

The representative samples underwent
four cycles of CBD treatment following
the method outlined in Mehra and
Jackson (1960).  While at the IRM, the
following measurements were under-
taken:
• Room temperature magnetic suscepti-

bility (RT-χ)(KappaBridge) and
hysteresis loops (VSM).

• Thermal demagnetization from 10 K to
300 K of a saturation isothermal
remanent magnetization acquired at
10K following a zero-field cooling
(ZFC) or 2.5 T field cooling (FC) pre-
treatment from 300 K to 10 K
(MPMS).

• Temperature dependence of a SIRM
2.5T

acquired at 300 K (RT-SIRM) upon
cooling and warming back in zero field
from 300 K to 10 K to 300 K (MPMS).

• Temperature dependence (20 K to
300K) and frequency dependence (1
Hz and 100 Hz) of the in-phase and
quadrature AC magnetic susceptibility
(MPMS).

• Room temperature frequency depend-
ence of the in-phase (χ’

fd
) and

quadrature AC magnetic susceptibility
measured at 20 frequencies between
40Hz and 4000Hz (Lakeshore).

• Room temperature isothermal remanent
magnetization (IRM) acquisitions
(VSM).

Some results and preliminary interpreta-
tions

CBD treatments have a marked effect
on the magnetic properties of all four type
samples.  Changes are more prominent
following the 1st and 2nd treatments, while
changes occurring after the 3rd and 4th

treatments are more subdued to nil.
Figure 2 plots RT-χ (A) and hysteresis
loop parameters M

R
/M

S
 (B), B

C
 (C) and

B
CR

 (D) measured initially and following
each CBD treatment.

As expected, the representative
sample of the modern soil’s A-Horizon
(Type 1), which contains a population of
superparamagnetic (SP) particles in its
initial bulk sample (6.2% χ’

fd
 [400-

4000Hz]), has its SP particles effectively
dissolved following the 1st treatment.  A
convincing piece of evidence is illustrated
in Figure 3 but other data such as the
decrease in χ (Fig. 2A), increase in B

C

(Fig. 2C), decrease in χ’
fd
 to less than 2%,

Fig. 1  Bivariate plot of hysteresis param-
eters, M

R
 and M

S,
 for samples in the upper 2

meters of three loess deposits in Central
Alaska.  The different magnetic behavior of
samples from the modern soil (A-horizon),
the loess directly beneath the soil (C

OX
-

horizon), and the parent loess material (C-
Horizon) is emphasized.

Fig. 2  Changes observed after progressive
CBD treatments in (A) mass normalized
magnetic susceptibility, (B) M

R
 /M

S
, (C)

coercive force, and (D) coercivity of
remanence.
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and the collapse between the ZFC and
FC curves after CBD treatment echo the
same interpretation.  However, the
increase in B

CR
 by a factor of nearly 2

(Fig. 2D) cannot be explained by the
dissolution of SP particles.  Here we lean
on the coercivity distributions calculated
from IRM acquisition curves in order to
interpret the increase in B

CR
 by the

dissolution of a population of particles
having a coercivity of remanence ~20mT
leaving behind a coercivity distribution
with a mean of ~40 to 50 mT.  One can
assume that the dissolved lower
coercivity particles are of a smaller
grainsize than the untouched higher
coercivity particles.  This is also
suggested by the RT-SIRM experiment
(Fig. 4) where the amount of remanence
loss after low-temperature cycling

increases after the 1st CBD treatment
[e.g., Özdemir et al., 2002].

The representative samples for the
parent loess (Type 3) and its slightly
oxidized counterpart (Type 2) representa-
tive of the loess found immediately
below the modern soil and paleosols
behave quite similarly.  Overall, the
average magnetic grainsize increases,
interpreted from decreasing M

R
/M

S
 (Fig.

2C) and increasing loss of remanence
after low-temperature cycling of a RT-
SIRM (Fig. 4) with successive CBD
treatments.  Even though the average
magnetic grainsize increases, both B

C

(Fig. 2C) and B
CR

 (Fig. 2D) decrease
because the CBD dissolved particles are
characterized by coercivity distribution
centred at ~150 mT, while that of the
remaining particles is ~40 mT.

The representative paleosol sample
(Type 4) behaves somewhat similarly to
the Type 1 sample in response to the
CBD treatments with regards to the RT-
SIRM experiments (Fig. 4), the dissolu-
tion of its SP population (χ’

fd
 [400-

4000Hz] decreasing from 2.1% to 0.5%
after 1 CBD treatment) and the B

CR

increase (Fig.2D; albeit much less severe
than Type 1).  On the other hand, B

C

decreases (Fig. 2C) much like for Types
2 and 3.  The calculated coercivity
distribution from the IRM acquisition
data, if deconvolved would probably
show that particle populations with both
lower and higher coercivities than the
remaining particles after CBD treatments
(mean ~50mT) are being dissolved.

The results and interpretations
outlined above in addition to other
results not shown or discussed herein, at
the risk of taking too much space, are
quite encouraging for the development of
simple and more accurate paleoclimate
proxies.

Lastly, many thanks to the IRM
‘family’ for what was a very sympathique
10 day visit.
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Fig. 4  The changes in
behavior while low-
temperature cycling of
a SIRM induced in 2.5T
acquired at room
temperature following
progressive CBD
treatments for the four
Type samples.

Fig. 3  In-phase
(above) and
quadrature (below)
AC susceptibility of
Type 1 Bulk sample
and after 1 CBD
treatment.
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Rock magnetism, gas hydrate,
and the end of the last glacial

For some years now, I’ve been
interested in the rock-magnetic signature
of microbial activity in anoxic marine
sediments. Most research on the bacterial
diagenesis of iron oxides and sulfides has
focused on the sequence of processes in
the “sulfate reduction zone”, which
typically extends no more than a few tens
of meters below the seafloor. Within this
zone, reduction proceeds from initial
magnetite production, through magnetite
dissolution and generation of iron
monosulfides and greigite, to final

production of pyrite. Although most
workers have considered magnetic
diagenesis to be complete at this point,
I’ve been looking at renewed generation
of magnetic sulfides much deeper in the
sediment column. Changes to the small
surviving population of ferrimagnets
show up in hysteresis properties: in
particular, I’ve found it useful to index
position along a SD-MD mixing curve
on the Day plot by the ratio of the two
plot axes, (M

rs
/M

s
):(H

cr
/H

c
), which I

introduced with IRM old boy Bernie
Housen some years ago under the name
D

JH
. (Yes, it should be D

MH
, or even D

MB
,

but those old cgs names do tend to hang

around…) D
JH

 increases along the trend
of increasing domain stability from
multidomain through pseudo-dingle
domain to single domain. Addition of
small proportions of fine-grained
magnetic sulfides to already strongly
reduced sediments results in an increase
in D

JH
.

My wife, Marta Vega, whom I’ve
lured from the world of mineralogy, has
joined me in this work. Our most
rewarding investigations have involved
gas hydrate, an ice-like methane-water

Reports
continued on p. 4...
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clathrate found in sediments on continen-
tal margins. Gas hydrate has excited a lot
of interest because of its speculated role
in sudden global warming at the end of
glacials (the “Clathrate Gun Hypothesis”
of Kennett et al., 2003). Microbial
populations bloom in the presence of
hydrate, sustained by a metabolism that
involves iron liberated from silicates as
an electron acceptor. Iron sulfides,
particularly the ferrimagnet greigite, are
products. Gas hydrate accumulates to a
depth where the geothermal gradient
crosses the boundary of the hydrate
stability field; free methane gas accumu-
lates below the base of the hydrate zone,
resulting in a characteristic seismic
reflector (a “bottom simulating reflec-
tor”, or BSR).

So why bother using rock magnetism
in gas hydrate studies? Gas hydrate is
ephemeral – studies of hydrate have
always relied on proxies such as dilution
of pore-water salinity by fresh water
released as hydrate breaks down during
core recovery. And the difficulty of
detecting hydrate is compounded when
we attempt to trace where it was in the
past. Central to the “Clathrate Gun
Hypothesis” is the presumption that
warming of oceanic bottom waters at the
end of glacials prompts a rapid upward
jump of the base of the hydrate stability
zone, with resulting massive release of
methane. Can we detect a relict of this
great leap upward of the hydrate zone?
Seismic reflection sometimes reveals a
second BSR, and this has been inter-
preted as the glacial base of the hydrate
zone – but this view has been challenged,
and the occurrence of second BSRs is
very patchy. But work on ODP samples
from the Vancouver Island margin
showed that the high D

JH
 signature of gas

hydrates continued below the current
base of the hydrate zone, and decreased
sharply at a depth predicted to have been
the base of hydrate stability at the close
of the last glacial. We credit high D

JH

within the hydrate zone to growth of SD
greigite, and the decrease in values

below the glacial hydrate base to the slow
inorganic conversion of greigite to pyrite
by exposure to H

2
S in the free gas zone

that collects below a gas hydrate seal.
Evidently, the hydrate zone has migrated
upwards so recently and so fast that little
free gas has yet accumulated below the
present-day hydrate base.

So we have been looking at collec-
tions of samples from other ODP legs, to
see if we can use rock magnetism to map
the glacial distribution of gas hydrate
around other continental margins. There
are two aspects to our work: hysteresis
analysis of samples from ODP holes to
chart profiles of D

JH
, and rock magnetic

investigation of the magnetic sulfide
mineralogy and its relationship to
microbial activity, iron liberation from
substrate, and exposure to H

2
S. My

visiting fellowship at IRM allowed me to
supplement the limited capacity of my
own lab with higher sensitivity hysteresis
on very weakly magnetised specimens,
low and high temperature magnetisation
measurements to characterise the
magnetic mineralogy, and FORC analysis
to examine coercivity spectra.

At this stage we have concentrated
mainly on detecting our “fossil” gas
hydrate signature – and we’ve had very
pleasing results. We’ve focused on two
localities: “Hydrate Ridge”, on the
Cascadia Margin off Oregon, where
we’ve worked in collaboration with
Eulália Gracia and Juan Larrasoaña of
Barcelona; and the Peru Margin.
Downhole profiles of D

JH
 at both

localities show the same characteristics as
we observed near Vancouver Island; high
D

JH
 in intervals of concentrated hydrate,

then a sharp decrease in D
JH

 some tens of
metres below the present base of the
hydrate zone, below which is a slow
recovery to higher D

JH
 values. Depths to

our “fossil “ base of the hydrate zone
allow us to calculate the glacial bottom-
water temperatures, and these are
consistent with expectations. The low D

JH

interval at the Cascadia Margin sites
corresponds to a zone of reduced

porosity, which we credit to different
diagenesis within the glacial gas-
charged interval. Most satisfying of all,
one of our sites from the Cascadia
Margin showed a clear seismic second
BSR that matched our rock-magnetic
“fossil” hydrate base (Bangs et al.,
2005). Gas diffusion has weakened the
seismic signature to the point where the
second BSR is absent at the other sites –
which goes to demonstrate the superior-
ity of rock magnetism to other geophysi-
cal techniques!

Where to now? Well, hysteresis
gives a simple view of changes to the
bulk magnetic mineralogy through the
sediment column, but we are dealing
with mixtures of several different
magnetic populations, present in very
low concentrations. We want to
characterise changes to the oxide and
sulfide mineralogy specific to the
presence of hydrate, and to the gas
interval below the hydrate zone. We’ve
confirmed the presence of pyrrhotite
through its <30K transition and very
strong magnetic memory. Greigite
dominates most specimens, and we are
using its characteristic 300-400°C
decomposition to give a semi-quantita-
tive measure of its abundance against
other sulfides. Magnetite survives in tiny
proportions, and often shows a “split-
ting” of the Verwey transition into two
steps at about 85K and 115K – we
speculate that this is related to its near-
complete dissolution, but we’d like to
know why. And we are keen to
characterise how the coercivity spectrum
of the sediment changes as we pass
down through the hydrate zone – to this
end, we have measured the stepwise
acquisition of partial anhysteretic
remanence in the PALM lab, which we
want to compare with the FORC curves
I produced at IRM. But you can wait
until a future Visiting Fellow’s report for
those results….

References:
Bangs, N.L.B., Musgrave, R. & Tréhu,

A., 2005. Upward shifts in the south
Hydrate Ridge gas hydrate stability
zone following post-glacial
warming, offshore Oregon. J.
Geophys. Res., 110, B03102,
doi:10.1029/2004JB003293.

Housen, B.A. & Musgrave R.J., 1996.
Rock-magnetic signature of gas
hydrates in accretionary prism
sediments. Earth Planet. Sci. Lett.,
139, 509-519.

Kennett, J.P., Cannariato, K.G., Hendy,
I.L. & Behl, R.J., 2003. Methane
Hydrates in Quaternary Climate
Change: The Clathrate Gun
Hypothesis: Special Publication
American Geophysical Union, 54,
216 pp.

Fig.1: Profiles of DJH and
porosity for three Hydrate
Ridge sites. BSRp =
primary bottom simulating
reflector, marking current
base of the gas hydrate
stability zone; BSRs =
second BSR, thought to
represent glacial base of
gas hydrate zone, present
only at Site 1245; past
BGHZ = break in DJH
profile, interpreted as
glacial base of gas hydrate
zone; mbsf = metres below
sea floor. Shaded interval
= low DJH and low
porosity zone, interpreted
as glacial free gas interval
below hydrate zone.
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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.

Energy loss during a hysteresis cycle is represented by the area enclosed
by the loop.  The energy is converted to heat.  From  Einstein, A., Lecture
notes for Course on Electricty and Magnetism at the University of Zurich,
Winter Semester 1910-1911,  in The Collected Papers of Albert Einstein,
Volume 3, The Swiss Years: Writings 1910-1911, English translation by
Anna Beck, Princeton University Press, 1993.

Alteration & Remagnetization

Gendler, T. S., et al.., 2005. The
lepidocrocite-maghemite-haematite
reaction chain-I. Acquisition of chemical
remanent magnetization by maghemite, its
magnetic properties and thermal stability:
Geophysical Journal International, v. 160, p.
815- 832.
CRM acquisition in a field of 100 µT was
monitored at 175 to 550° C for up to 500 hr.
During the lepidocrocite conversion, two
peaks in the CRM versus time curves suggest
formation of two types of maghemite, one
fine-grained yet crystalline (type A), and  one
less crystalline (type B). Annealing at 300-
350° C removes most of the lepidocrocite and
the type B maghemite becomes prominent.
Haematite formation sets in at slightly higher
temperatures, yet the type B maghemite is in
part thermally stable up to 600° C. In Thellier-
Thellier experiments the CRM showed a
markedly downward convex Arai-Nagata plot
while a second TRM showed perfect linear
behaviour. This feature may be used to
recognize CRM in natural rocks.

Rey, D., et al., 2005, Early diagenesis of
magnetic minerals in marine transitional
environments: geochemical signatures of
hydrodynamic forcing: Marine Geology, v.
215, p. 215-236.
In surficial sediments from the Ria de
Pontevedra (NW Spain), χ profiles and IRM
acquisition curves define three depth zones of
dominant magnetic behaviour: magnetite-like,
goethite-like and greigite-like. Good
correlation between magnetic and geochemi-
cal parameters such as χ vs. 2Fe/S, or H

cr
 vs

C/S, demonstrates that magnetic property
variations are diagenetically controlled, and
can be used as magnetic proxies for early
diagenesis. Similar significant positive
correlations were found between χ of the clay
fraction and modelled wave heights, and
between other magnetic and hydrodynamic
parameters, providing magnetic evidence of
cryptic wave climate forcing of the diagenetic
pathway.

Roberts, A. P., et al.., 2005, Assessing the
timing of greigite formation and the
reliability of the Upper Olduvai polarity
transition record from the Crostolo River,
Italy: Geophysical Research Letters, v. 32,
DOI 10.1029/2004GL022137.
This polarity transition record has been used
to support the hypothesis of deep mantle
control on the transitional geomagnetic field.
The paleomagnetic record is carried by the
authigenic iron sulphide.  SEM investigations
indicate the presence of at least 3 generations
of pyrite, which usually forms with greigite as
a precursor. This suggests that the total
magnetization is a complex composite that
produced a smoothed record of transitional
field behaviour.

Roberts, A. P., and Weaver, R., 2005,
Multiple mechanisms of remagnetization
involving sedimentary greigite (Fe3S4):
Earth & Planetary Science Letters, v. 231, p.
263-277.
Sedimentary greigite (Fe

3
S

4
) is being

increasingly implicated as the carrier of late
diagenetic remagnetizations in fine-grained
marine and terrestrial sediments. Detailed
SEM work, in conjunction with recently

published work, has enabled identification of
several mechanisms for remagnetization
involving greigite.  Documentation of a wide
range of mechanisms for neoformation of
greigite provides compelling evidence that
sediments containing greigite should be
routinely suspected of remagnetization.

Anisotropy

Ferre, E. C., Tikoff, B., and Jackson, M.,
2005, The magnetic anisotropy of mantle
peridotites: Example from the Twin Sisters
dunite, Washington: Tectonophysics, v. 398,
p. 141-166.
The Twin Sisters dunite massif provides
unweathered peridotites for magnetic
analysis. Although the dunites are fresh, they
host small quantities of secondary magnetite
formed along cracks.  Above the magnetic
saturation, at a field of I T, the ferrimagnetic
component is removed and the high-field
slope represents the paramagnetic AMS only.
This high-field AMS originates from the
magnetocrystalline anisotropy of olivine.
Lattice preferred orientation (LPO) point
distributions are formed by high-temperature
plastic flow, and match the high-field
measurements. In contrast, girdle LPOs
present notable departures from the high-field
AMS axes.

Li, Y. X., and Kodama, K. P., 2005, Assessing
thermal effects on magnetic fabrics of
sedimentary rocks: Results from synthetic
and natural samples: Geophysical Research
Letters, v. 32, DOI 10.1029/ 2004GL022049.
In order to examine thermal effects on
magnetic fabrics, particularly remanence
fabrics that test the accuracy of paleomagnetic
records, the pre- and post- heating magnetic
fabrics of synthetic(magnetite+CaF

2
) and

natural samples were compared. The unheated
synthetic and natural samples display
predominantly oblate magnetic susceptibility
and remanence fabrics. The heated synthetic
samples yield oblate AMS and AAR fabrics;
whereas the remagnetized Passaic rocks show
random AMS fabrics, but exhibit depositional
remanence fabrics. The presence of oblate
fabrics may not uniquely indicate a primary
remanence.

Vaughn, J., Kodama, K. P., and Smith, D. P.,
2005, Correction of inclination shallowing
and its tectonic implications: The
Cretaceous Perforada Formation, Baja
California: Earth & Planetary Science
Letters, v. 232, p. 71-82.
A paleomagnetic and magnetic fabric study of
the Aptian to Albian Perforada Formation, the
oldest sedimentary unit of the Cretaceous
Valle Group, was conducted to determine
whether the Perforada inclination had been
shallowed by burial compaction and to correct
the inclination for any shallowing. When the
inclinations of the sites with well-developed
AAR foliations are corrected using an
individual particle anisotropy of 1.5, the
corrected mean inclination (I=50.1°) is
indistinguishable from the mean inclination of
the sites with poorly developed AAR fabrics.
These results indicate that the Vizcaino

Abstracts
continued on p. 6...
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terrane has moved little with respect to the
Peninsular Ranges terrane and cratonic North
America since the Cretaceous.

Biogeomagnetism

Brem, F., et al.., 2005, Characterization of
iron compounds in tumour tissue from
temporal lobe epilepsy patients using low
temperature magnetic methods: BioMetals,
v. 18, p. 191-197
Excess iron accumulation in the brain has
been shown to be related to a variety of
neurodegenerative diseases. However,
identification and characterization of iron
compounds in human tissue is difficult
because concentrations are very low.  Our
results demonstrate that low temperature
magnetic measurements provide a useful and
sensitive tool for the characterisation of
magnetic iron compounds in human tissue.

Fuller, M., and Dobson, J., 2005, On the
significance of the time constants of
magnetic field sensitivity in animals:
Bioelectromagnetics, v. 26, p. 234-237.
The mechanism underlying neurophysiologi-
cal responses in human studies is not
understood. Here we note that the time
constants involved in this latter type of field
sensitivity are much longer than those in
organisms that make use of the earth’s
magnetic field for navigation. We suggest that
the time constants associated with magnetic
field sensitivity may be a useful way to
distinguish field sensitivity due to magnetite
based receptors from sensitivity that may
depend on direct (or downstream) biochemi-
cal processes.

Pan, Y. X., et al.., 2005, The detection of
bacterial magnetite in recent sediments of
Lake Chiemsee (southern Germany): Earth
& Planetary Science Letters, v. 232, p. 109-
123.
To detect bacterial magnetite in the carbonate-
dominated surface sediments and further
quantify its contribution to the magnetic
signal of the sediments, we conducted
detailed rock magnetic measurements as well
as complimentary non-magnetic analyses.
Although rock magnetic measurements are
suitable for quantifying the contribution of
fine-grained particles to the overall magnetic
signal of sediments, complementary non-
magnetic methods are essential to unambigu-
ously identify its bacterial origin.

Environmental Magnetism and
Paleoclimate Proxies

Deng, C. L., et al.., 2005, Mineral magnetic
variation of the Jiaodao Chinese loess/
paleosol sequence and its bearing on long-
term climatic variability: Journal of
Geophysical Research-Solid Earth, v. 110,
doi:10.1029/2004JB003451.
Multiparameter mineral magnetic investiga-
tions have been conducted on the Jiaodao
section on the Chinese central Loess Plateau.
The coercivity decrease of the lithogenic
component for the loess unit L15 may be
related to the accelerated uplift of the Tibetan
Plateau and its adjacent regions during the
period of L15 deposition. From paleosol S5 to
loess L1, higher values of coercivity of the

lithogenic component occur in typical loess
and paleosols, and lower values are found at
the loess/paleosol transition. These coercivity
variations are thought to be related to
significant changes in the source region as
well as dust deposition in the Loess Plateau
caused by changes in ice/snow or vegetational
cover.

Gurney, S. D., and White, K., 2005, Sediment
magnetic properties of glacial till deposited
since the Little Ice Age maximum for
selected glaciers at Svartisen and
Okstindan, northern Norway: Boreas, v. 34,
p. 75-83.
Samples of glacial till deposited since the
Little Ice Age (LIA) maximum by two glaciers,
North Bogbre at Svartisen and Corneliussen-
breen at Okstindan, northern Norway, were
analysed to determine their sediment magnetic
properties, which display considerable
variability. By employing a chronosequence
approach, it may be possible to use sediment
magnetics data as a tool for reconstructing
glacier retreat in areas where more traditional
techniques, such as lichenometry, are not
applicable.

Hu, S. Y., et al.., 2005, Palaeoclimatic
changes over the past 1 million years
derived from lacustrine sediments of
Heqing basin (Yunnan, China): Quaternary
International, v. 136, p. 123-129.
A 168-m long core of mostly fine-grained
lacustrine sediments was recovered from
Heqing Basin, Yunnan Province, southwestern
China. The highs and lows of X can be related
to warm and cold periods, respectively. The
magnetic and non-magnetic variations clearly
show a change at 65m (corresponding to ca.
410ka) indicating a change in the depositional
system related to a climatic and/or tectonic
event.

Liu, Q. S. et al., 2005, Temperature
dependence of magnetic susceptibility in an
argon environment: implications for
pedogenesis of Chinese loess/palaeosols.
Geophysical Journal International 161(1):
102-112.
The susceptibility loss (~30%) between ~300-
400° C, caused by the inversion from
pedogenic fine-grained maghemite to
haematite, can be used as a new concentration
index of the pedogenic SP particles. Post-
heating magnetic susceptibility (χ

ph
) of the

samples (after a 700° C run) is independent of
the degree of pedogenesis and “saturates” at
approximately 33-35 x 10-7 m3 kg-1, limited by
the availability of Fe-bearing aeolian minerals.
We predict that this value is an upper limit on
pedogenic susceptibility for the last intergla-
cial palaeosol unit (S1), and we suggest that
χ

ph
 may be useful to quantify the aeolian

inputs to the Chinese Loess plateau.

Extraterrestrial and Impact-Related
Magnetism

Carporzen, L., Gilder, S. A., and Hart, R. J.,
2005, Palaeomagnetism of the Vredefort
meteorite crater and implications for
craters on Mars: Nature, v. 435, p. 198-201.
Magnetic surveys of the Martian surface have
revealed significantly lower magnetic field
intensities over the gigantic impact craters
Hellas and Argyre than over surrounding

regions.  The reduced fields are commonly
attributed to pressure demagnetization caused
by shock waves. Low magnetic field
intensities are also observed above the
Vredefort meteorite crater in South Africa,
yet the rocks in this crater possess high
magnetic intensities.  Palaeomagnetic
directions of these strongly magnetized rocks
are randomly oriented, with vector directions
changing over centimetre length scales. Seen
from high altitudes, as for Martian craters,
the magnetic field appears much lower than
that of neighbouring terranes, implying that
magnetic anomalies of meteorite craters
cannot be used as evidence for the absence of
the planet’s internally generated magnetic
field.

Minitti, M. E., Lane, M. D., and Bishop, J.
L., 2005, A new hematite formation
mechanism for Mars: Meteoritics &
Planetary Science, v. 40, p. 55-69.
The origin of hematite detected in Martian
surface materials is commonly attributed to
weathering processes or aqueous precipita-
tion. Here, we present a new hematite
formation mechanism that requires neither
water nor weathering. Glass-rich basalts with
Martian meteorite-like chemistry (high FeO,
low Al2O3) oxidized at high (700 and 900°
C) temperatures in air and CO2, respectively,
form thin (< 1 µm) hematite coatings on their
outermost surfaces. If gray hematite
originating as coatings on glassy basalt flows
is an important source of Martian hematite,
then the requirement of water as an agent of
hematite formation is eliminated.

Sprenke, K. F., 2005, Martian magnetic
paleopoles: A geostatistical approach:
Geophysical Research Letters, v. 32, DOI
10.1029/2005GL022840.
Various attempts have been made to locate
magnetic paleopoles on Mars by modeling
individual magnetic field anomalies. In this
study, a quite different approach, based on
geostatistics, is taken. Discreet magnetic
sources form magnetic doublet anomalies in
the magnetic field that tend to align with the
horizontal direction of magnetization. A
semivariogram of radial field polarities on
Mars indicates that magnetic field anomalies
of opposite polarity tend to be separated by
14°. This phenomenon is interpreted to be
due to the presence of magnetic doublet
anomalies in the field. Accordingly, the
autocovariances of the field polarity along
longitudinal lines relative to over 1000 trial
paleopole locations were examined. Magnetic
paleopoles within about 50° of ( 230° E, 17°
N) and ( 50° E, 17° S) were found to best
explain the geostatistical structure of the
polarity of the martian magnetic field.

Yu, Y. J., and Gee, J. S., 2005, Spinel in
Martian meteorite SaU 008: implications
for Martian magnetism: Earth & Planetary
Science Letters, v. 232, p. 287-294.
Shergotty-Nakhla-Chassigny (SNC)
meteorites provide the only available samples
of Martian material. The stable permanent
magnetization of SNC meteorites has been
traditionally attributed to magnetite (Fe3O4)
or pyrrhotite (Fe7S8). We suggest that a new
material (Fe-Cr-Ti spinel) is responsible for
the stable paleomagnetic record of Martian
meteorite SaU 008. It is possible that SaU
008 acquired a primary remanence of thermal
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origin from the Martian crustal field.
However, this proposition requires further
testing because the effect of shock events on
Fe-Cr-Ti spinel is unknown.

Instruments and Techniques

Hautot, D., Pankhurst, Q. A., and Dobson, J.,
2005, Superconducting quantum interfer-
ence device measurements of dilute
magnetic materials in biological samples:
Review of Scientific Instruments, v. 76, article
045101.
Superconducting quantum interference device
(SQUID) magnetometers are very high
precision instruments: for example, the
Quantum Design MPMS-7 instrument
capable of measuring an absolute magnetiza-
tion of ~10-10 to 10-14 Am2. However, in
biological samples, such precision is rarely
achieved. We describe here a measurement
protocol that increases the obtainable
precision and improves accuracy by a factor
of 5.  Details on how to prepare, mount, and
accurately measure dilute magnetic samples
are given. The improvement in data quality
comes at the cost of extended measurement
periods and slightly increased helium
consumption.

Magnetic Field Records and Paleoin-
tensity Methods

Lund, S. P., et al.., 2005, Deep-sea sediment
records of the Laschamp geomagnetic field
excursion (~41,000 calendar years before
present): Journal of Geophysical Research-
Solid Earth, v. 110, doi:10.1029/
2003JB002943.
We have recovered two new high-resolution
paleomagnetic records of the Laschamp
Excursion (~41,000 calendar years B.P.) from
deep-sea sediments of the western North
Atlantic Ocean. Comparison of our Laschamp
Excursion paleomagnetic records with other
late Quaternary excursion records suggests
that there is a group of excursions, which we
term class I, which have strikingly similar
patterns of field behavior and likely share a
common cause as part of the overall core
dynamo process. We conclude that class I
excursions, epitomized by the Laschamp
Excursion, are more closely related to normal
secular variation and are not necessarily a
prelude to magnetic field reversal.

Oishi, Y., et al.., 2005, Validity of the LTD-
DHT Shaw and Thellier palaeointensity
methods: a case study of the Kilauea 1970
lava: Physics of the Earth & Planetary
Interiors, v. 149, p. 243-257.
The Shaw method with low-temperature
demagnetisation is applied to samples
exhibiting high-temperature oxidation states
from the Kilauea 1970 lava, Hawaii Island.
Coe’s version of the Thellier method was also
applied to nine specimens prepared from the
same block samples.  The present results
therefore reinforce the broader applicability of
the LTD-DHT Shaw method for samples with
high-temperature oxidation.

Singer, B. S., et al.., 2005, Structural and
temporal requirements for geomagnetic
field reversal deduced from lava flows:
Nature, v. 434, p. 633-636.
Constraining core processes or mantle
properties that induce or modulate reversals
requires knowing the timing and morphology
of field changes that precede and accompany
these reversals. Ar-40/Ar-39 dating of lavas
on Tahiti gives a Matuyama-Brunhes age of
795±7 kyr, indistinguishable from that of
lavas in Chile and La Palma, but older than
the accepted age for the reversal. Only the
‘transitional’ lavas on Maui and one from La
Palma (dated at 776±2 kyr), agree with the
astronomical age for the reversal. Here we
propose that the older lavas record the onset
of a geodynamo process. These data support
the claim that complete reversals require a
significant period for magnetic flux to escape
from the solid inner core and sufficiently
weaken its stabilizing effect.

Magnetic Microscopy and
Spectroscopy

Brice-Profeta, S., et al., 2005, Magnetic
order in γγγγγ-Fe2O3 nanoparticles: a XMCD
study: Journal of Magnetism & Magnetic
Materials, v. 288, p. 354-365.
Spin-canting in spinel nanoparticles of
maghemite has multiple origins, among which
surface effects, finite-size effects or chemical
disorder effects. XMCD at the Fe L

2,3
 edges

allows to separate the contributions of the
magnetic moments of Fe3+ ions in tetrahedral
and octahedral sites of γ-Fe

2
O

3
. We investi-

gate three powders of γ-Fe
2
O

3
 synthetized via

aqueous precipitation: particles of average
diameter 2.7, 8 nm and particles of average
diameter 8 nm coated with phosphoric acid.
The relative contributions of the spins of the
Fe

Td
3+ and the Fe

Oh
3+ ions are observed,

varying the external magnetic field. Under
high magnetic fields, a reduction of the
magnetic contribution of the Fe

Oh
3+ ions

occurs for 8 nm phosphate-coated particles by
comparison with the uncoated ones. A similar
reduction appears at lower magnetic fields for
the small 2.7 nm particles.

Fong, L. E., et al.., 2005, High-resolution
room-temperature sample scanning
superconducting quantum interference
device microscope configurable for
geological and biomagnetic applications:
Review of Scientific Instruments, v. 76, article
053703.
We have developed a scanning superconduct-
ing quantum interference device (SQUID)
microscope system with interchangeable
sensor configurations for imaging magnetic
fields of room-temperature (RT) samples with
submillimeter resolution.  Different SQUID
sensor designs are necessary to achieve the
best combination of spatial resolution and
field sensitivity for a given source configura-
tion. For imaging thin sections of geological
samples, we used a custom-designed
monolithic low-Tc niobium bare SQUID
sensor, with an effective diameter of 80 µm.

Kubetzka, A., et al.., 2005, Revealing
antiferromagnetic order of the Fe
monolayer on W(001): Spin-polarized
scanning tunneling microscopy and first-
principles calculations: Physical Review
Letters, v. 94, Art. No. 087204.
We prove that the magnetic ground state of a
single monolayer Fe on W(001) is a
checkerboard arrangement of antiparallel
magnetic moments. Real space images of this
magnetic structure have been obtained with
spin-polarized scanning tunneling micros-
copy. The magnetic ground state and
anisotropy axis are explained based on first-
principles calculations.

Rosa, G., et al.., 2005, Surface effects in
magnetic nanoparticles measured by means
of a magneto-optical method: Journal of
Applied Physics, v. 97,  Art. No. 064314.
Faraday rotation measurements have been
made in samples composed of γ-Fe

2
O

3

nanoparticles dispersed in a SiO
2
 matrix. The

increase of Faraday rotation with the mean
diameter of the γ-Fe

2
O

3
 particles can be

associated with surface effects. The thickness
value of their external layer with disordered
spins has been obtained using a simple model.

Subias, G., Garcia, J., and Blasco, J., 2005,
EXAFS spectroscopic analysis of the
Verwey transition in Fe3O4: Physical Review
B, article 155103.
We present an extended x-ray absorption fine
structure study at the Fe K edge of the local
structural changes in Fe

3
O

4
 across the Verwey

transition at T
V
~120 K. The local structure of

the FeO
6
 octahedra is distorted below T

V
 and

remains unaltered during the transition, the
local distortions being already present in the
pseudocubic phase above T

V
. We propose that

the metal-insulator transition is then caused
by a change in the regime of the local
distortions from a static regime at low
temperatures to a dynamical one at high
temperatures, the lattice dynamics above T

V

being the origin for the electrical conductivity.

Magnetization & Demagnetization
Processes

Caizer, C., 2005, The effect of the external
magnetic field on the thermal relaxation of
magnetization in systems of aligned
nanoparticles. Journal of Physics-
Condensed Matter 17(12): 2019-2034.
The dynamics of magnetic relaxation in a
system of isolated ferrimagnetic nanoparticles
depends on the ratio between the magnetic
relaxation time (τ) and the measurement time
(t

m
). When t

m
 approaches τ (τ < t

m
), the

magnetic moments cannot relax completely,
thus leading to a deviation from pure SP
behaviour. An external magnetic field can
significantly change the dynamics of the
relaxation, especially when its amplitude is
high. The theory proposed for a system of
aligned nanoparticles has been verified
experimentally in the case of a ferrofluid-type
system. The result obtained brings in
important corrections for determining the
magnetic volume of the nanoparticles or the

Abstracts
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magnetic anisotropy constant.

Sasaki, M., et al.., 2005, Aging and memory
effects in superparamagnets and superspin
glasses: Physical Review B, v. 71, article
104405.
Many dense magnetic nanoparticle systems
exhibit slow dynamics which is qualitatively
indistinguishable from that observed in
atomic spin glasses and its origin is attributed
to dipole interactions among particle moments
(or superspins). We have found that
superparamagnets in fact show aging (a
waiting time dependence) of the thermorema-
nent magnetization as well as various memory
effects. We also find some dynamical
phenomena peculiar only to superspin glasses
such as the flatness of the field-cooled
magnetization below the critical temperature
and memory effects in the zero-field-cooled
magnetization.

Modeling and Theory

Evans, M. E., 2005, Testing the geomagnetic
dipole hypothesis: palaeolatitudes sampled
by large continents: Geophysical Journal
International, v. 161, p. 266-267.
An analysis is presented of the way in which a
continental spherical cap samples geographic
latitude bands as it drifts over the Earth’s
surface. This is necessary to establish the
likely success of the random
palaeogeographic test of the geocentric axial
dipole hypothesis and to gauge how much
geological time is required. It appears that a
few hundred million years may suffice.

Heslop, D., and Muxworthy, A. R., 2005,
Aspects of calculating first-order reversal
curve distributions: Journal of Magnetism &
Magnetic Materials, v. 288, p. 155-167.
The recent development of first-order reversal
curve (FORC) diagrams has allowed the
detailed investigation of coercivity spectra,
interactions, and domain states of fine particle
magnetic systems.  To provide a quantitative
measure of the deviation of a smoothed FORC
diagram from the measured magnetisation
data we present a simple method that allows
reconstruction of the smoothed FORCs and an
assessment of the signal-to-noise ratio of the
data. Finally, a methodology based on spatial
autocorrelation is employed to determine the
level of smoothing which can be performed
before the smoothing process distorts the
representation of the FORC distribution.

Muxworthy, A., and Williams, W., 2005,
Magnetostatic interaction fields in first-
order-reversal-curve diagrams: Journal of
Applied Physics, v. 97, article 063905.
The contribution of magnetostatic interaction
fields in magnetic systems during first-order-
reversal-curve (FORC) simulations has been
systematically addressed using a dynamic
micromagnetic algorithm. The interaction
field distributions (IFD) display a nonlinear
dependency on the field history and intergrain
spacing, and are commonly asymmetric. The
spreading of the FORC distribution in the
vertical direction of the FORC diagram is
shown to be directly related to the mean
standard deviation of the IFD.

NRM Carriers and Origins

Yang, T., et al.., 2005, A first paleomagnetic
and rock magnetic investigation of
calcareous nodules from the Chinese Loess
Plateau: Earth Planets & Space, v. 57, p. 29-
34.
A detailed paleomagnetic and rock magnetic
investigation was carried out on calcareous
nodule layers embedded in the loess-paleosol
sequences near Baoji city. AMS confirms that
calcareous nodules retain the primary
sedimentary fabric of original deposits.
Magnetic properties demonstrate that
calcareous nodules have the same mineralogy
and grain sizes as loess-paleosol deposits.
Characteristic remanent magnetizations of
calcareous nodules have directions consistent
with those of adjacent loess and paleosol
deposits. These observations indicate that the
calcareous nodule layers preserve primary
remanent magnetizations of original deposits
before calcification.

Paleomagnetism

Hilburn, I. A., et al.., 2005, A negative fold
test on the Lorrain Formation of the
Huronian Supergroup: Uncertainty on the
paleolatitude of the Paleoproterozoic
Gowganda glaciation and implications for
the great oxygenation event: Earth &
Planetary Science Letters, v. 232, p. 315-332.
Previous paleomagnetic studies of the
glaciogenic Gowganda and Lorrain formations
have identified several low-inclination
magnetic components of high thermal stability,
which suggest low-latitude glaciation during
deposition of the Huronian Supergroup,
Canada.  We report here the results of a fold
test from the “purple siltstone” member of the
Lorrain Formation near the town of Desbarats,
Ontario, which indicate that none of the
reported components dates to the time of
deposition. Hence, the paleolatitude of the
Gowganda glaciation is uncertain. The one
verified low-latitude Paleoproterozoic glacial
event (the Makganyene glaciation, Transvaal
Supergroup, South Africa) is younger than the
three glacial units of Canada. Thus the ‘great
oxygenation event’ began in the time interval
between the Gowganda and Makganyene
glaciations.

Kilner, B., Mac Niocaill, C., and Brasier, M.,
2005, Low-latitude glaciation in the
Neoproterozoic of Oman: Geology, v. 33, p.
413-416.
Although Earth is widely believed to have
undergone a series of extreme low-latitude
snowball glaciations during the
Neoproterozoic (ca. 1000-543 Ma), only one
reliable paleomagnetic result, from Elatina,
South Australia, places glacial rocks close to
the equator. We report new paleomagnetic data
from the Neoproterozoic Huqf Supergroup of
Oman that pass fold and reversal tests and
yield a paleopole at 52.3° S, 074.4° E (N = 25
sites; α

95
 = 7.3°).  A series of magnetic

reversals in the Fiq tillite and the overlying
Hadash dolomite, in northern and central
Oman, correlates well with a similar sequence
in the Mirbat Formation in southern Oman and
indicates that recovery from glacial conditions
took place over long time scales (possibly >
105-106 yr).

 Levi, S., Nabelek, J., and Yeats, R. S., 2005,
Paleomagnetism-based limits on earth-
quake magnitudes in northwestern
metropolitan Los Angeles, California,
USA: Geology, v. 33, p. 401-404.
We have used paleomagnetism to estimate
the maximum moment magnitude (M

w
) of

earthquakes in the east Ventura Basin and
San Fernando Valley, in metropolitan Los
Angeles. Magnetic declinations show
differential rotation between crustal blocks
with linear dimensions of 10-20 km, similar
to the thickness of the seismogenic layer. The
maximum magnitude of an earthquake based
on blocks of this size is M

w
 = 6.8. Therefore,

it is unlikely that in this area multiple blocks
combined to trigger much larger shocks
during this period, in contrast to adjacent
regions where events with M

w
 > 7 have been

postulated on the basis of paleoseismic
excavations.

Pluhar, C. J., et al.., 2005, Lava fingerprint-
ing using paleomagnetism and innovative
X-ray fluorescence spectroscopy: A case
study from the Coso volcanic field,
California: Geochemistry Geophysics
Geosystems, v. 6, doi:10.1029/
2004GC000707.
Combined use of paleomagnetic remanence
and PC XRF for lava fingerprinting allows
correlation of individual eruptive units from
one locality to another, permitting compila-
tion of composite stratigraphy and
paleomagentic measurement of relative
vertical axis rotation of fault-bounded blocks.
Paleomagnetic remanence direction is an
indispensable part of fingerprinting because
it distinguishes flows of similar chemistry
and can also place constraints on the duration
of emplacement of each eruptive unit.

Synthesis and Properties of
Magnetic Materials

Giri, S., et al.., 2005, Magnetic properties
of ααααα-Fe2O3 nanoparticle synthesized by a
new hydrothermal method: Journal of
Magnetism and Magnetic Materials, v. 285,
p. 1-2.
Nanoparticles of α-Fe

2
O

3
 have been prepared

using a hydrothermal synthesis method in
aqueous-organic microemulsion under mild
alkaline condition.  The uniformity of the
particle size was checked by the transmission
electron microscopy while the single phase of
the nanocrystalline α-Fe

2
O

3
 was character-

ized using powder X-ray diffraction. The
estimation of the particle size from
magnetization curves was found to be in
close agreement with the TEM results.
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…Brownian
continued from p. 1

known to him), but thinking more
generally and deeply about the nature of
atoms and of heat: “If it is really possible
to observe the motion to be discussed
here, along with the laws that it is
expected to obey, then classical thermo-
dynamics can no longer be viewed as
strictly valid...  Conversely, if the
prediction of this motion were to be
proved wrong, this fact would provide a
weighty argument against the molecular-
kinetic conception of heat.” At the time,
atomic theory had gained prominence in
chemistry through the work of Avogadro,
Dalton and others, and by the mid-late
19th century Clausius, Maxwell and
Boltzmann were developing the classical
molecular-kinetic theory of heat,
involving the motions of molecules or
atoms.  Yet in 1905 fundamental
questions still remained about atoms and
molecules: whether they really existed as
actual physical entities, or were merely
convenient artificial constructs to be used
for calculation but not to be taken too
literally (like magnetic monopoles).

In the atomic view, macroscopic
physical, chemical and thermodynamic
phenomena could be explained in terms
of perfectly elastic atoms or molecules
following the laws of Newtonian
mechanics.  The opposing view, held
prominently by Wilhelm Ostwald and
Ernst Mach, rejected particle kinetics
(and particles themselves) in favor of a
purely energy-based approach: “The
proposition that all natural phenomena
can ultimately be reduced to mechanical
ones cannot even be taken as a useful
working hypothesis: it is simply a
mistake.” (Ostwald, quoted in Pais
[1982]).  The conflict centered on the
2nd law of thermodynamics, dealing with
irreversible processes (increasing
entropy), and how it could be reconciled
with the time-reversibility allowed in
mechanics.

For example, at room temperature ice
melts: particles move spontaneously from
an ordered to a disordered arrangement,
but the reverse process is never observed.
Why not?  Any sequence of particle
motions and perfectly elastic collisions
obeying Newtonian mechanical laws
would also obey the same laws if “played
backwards” i.e., reversed in time.
Nothing in molecular-kinetic theory
precludes the spontaneous flow of heat
from a colder region to a warmer one,
even to the point of producing a locally
ordered arrangement of particles by
freezing in the cold region.  Such a
process would conserve energy, but not
entropy.  If the second law is taken to be
absolute, then entropy decreases are
strictly impossible, and order can never
spontaneously emerge from disorder.
Boltzmann argued that spontaneous

freezing was not impossible in molecu-
lar-kinetic theory, just enormously
unlikely.  Planck (quoted in Pais) wrote
in 1883 “The consistent implementation
of the second law... is incompatible with
the assumption of finite atoms.  One may
anticipate that... a battle between these
two hypotheses will develop which  will
cost one of them its life.” *

Einstein proposed a way to demon-
strate the physical reality of molecules
and to quantify their dimensions, using
available data and making specific
predictions amenable to testing by new
measurements.  In his dissertation (A
New Determination of Molecular
Dimensions, completed April 30, 1905),
he dealt with the case of dissolved solids,
i.e., individual molecules in solution, and
he followed this with the paper [1905]
submitted just 11 days later, covering the
case of suspended particles: “It is
possible that the motions discussed here
are identical with the so-called Brownian
molecular motion; the references
accessible to me on this latter subject are
so imprecise, however, that I could not
form an opinion about this.”

A key idea in both cases (solution
and suspension) came from the discovery
of van ´t Hoff** that osmotic pressure in
ideal liquids is fundamentally analogous
to partial pressures of ideal gases, and in
fact obeys the ideal gas law.  This was
actually a rather startling idea - Pais
quotes Paul Ehrenfest : “...the dissolved
molecules of a diluted solution exert on a
semipermeable membrane - in spite of
the presence of the solvent - exactly the
same pressure as if they alone were
present, ... in the ideal gas state.” In this
observation Einstein recognized strong
evidence for the molecular-kinetic view.
As in the gas case, the macroscopic
pressure arises from the continous
transfer of momentum from solute
molecules colliding against the osmotic
barrier.  Without a confining membrane,
solute molecules diffuse from regions of
higher concentration and higher osmotic
pressure, to lower-pressure regions, each
particle executing a Brownian random
walk.

Einstein’s approach imagines the
suspended/dissolved particles to be large
enough in comparison to water mol-
ecules that the fluid can be treated as a
continuous medium that exerts a viscous
drag on the moving particles.  At the
same time, the fluid is also considered as
a population of particles, with
Boltzmann’s distribution of kinetic
energies.  Each large suspended particle

is continuously bombarded on all sides
by the tiny water molecules, and most of
the time the net effect is negligible, but
occasionally the random motions
coordinate to deliver an unusually strong
punch to one side, producing the sort of
deformations and displacements
described by Brown.  Viscous drag
quickly dissipates the “extra” kinetic
energy of the accelerated particle,
returning it to the water molecules with
which it collides, and thermal equilib-
rium is thus maintained.   Einstein
derived a relationship between the
diffusion coefficient and viscosity (the
Stokes - Einstein relation), and linked
both to the atomic scale through the
parameters N (Avogadro’s number) and a

(the molecular radius) : D ∝ RT/(Naη)
where T is absolute temperature, R is the
gas constant and η  is viscosity.   (Note
that R/N=k, Boltzman’s constant).   If
you imagine a population of particles at
the origin of a common coordinate
system at time t=0, the diffusion equation
can be solved to give a mean-square
displacement <x2> =2Dt.   Since the
particle motions are mutually indepen-
dent, the same result applies to the
probability distribution for an individual
particle with respect to its own coordi-
nate system. As a numerical example,
Einstein calculated that for 1-µm
particles in water at 17º C and taking
N~6x1023, the mean-square displacement
after 1 minute is about 6 µm. Quantita-
tive experimental confirmation by Jean
Perrin in 1908, together with his other
work on the discontinuous structure of
matter, earned the 1926 Nobel in
Physics.

Independently of Einstein,
Smoluchowski arrived at a similar result,
using different methods.  Langevin
[1908] wrote that the characteristics of
Brownian motion “may be calculated
much more exactly by the method of
Smoluchowski” and gave a more
complete derivation.  It is this derivation
that forms the basis of Brown’s [1963]
single-domain magnetic theory.  A
readable Brownian motion treatment in
Feynman et al. [1963] (simplified by
leaving out details such as the particle
size) is the basis for the following.

An equation of motion (one-
dimensional for simplicity) for a particle
of mass m, accelerated by a force F and
slowed by viscous drag is:
(1) m d2x/dt2 + η dx/dt = F
If F is a constant force applied externally,
the particle will accelerate until a
constant (“terminal”) velocity is reached,
where the inertial (first) term vanishes
and the dissipative (second) term (the
rate at which the particle transfers

Brownian
continued on p. 10...

*The battle cost Boltzmann his life, by suicide
in 1906.
**For which he was awarded the first Nobel
Prize in Chemistry in 1901.
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momentum to the fluid) balances the
applied force.  For the Brownian motion
problem, F is transient and stochastic,
and the motion occurs in irregular
fluctuation-dissipation cycles.  Here (1)
is treated statistically rather than
deterministically.  For comparison with
Einstein’s result that <x2> =2Dt, we want
to calculate the rate at which mean-
square displacement increases: d<x2>/dt,
which will equal 2D.  Multiplying
equation 1 by x, manipulating a bit, and
eliminating terms that average to zero
yields:
(2) d<x2>/dt = <x(dx/dt)>

= 2<m (dx/dt)2>/η = 2kT/η
where the final equality comes from the
equipartition principle, which holds that
in a system in thermal equilibrium, the
average kinetic energy per atom is kT/2
per degree of freedom*.  Equation 2 is an
example of a so-called “fluctuation-
dissipation relation”, in which a mean-
square fluctuation (one measure of the
spectrum of atomic-scale fluctuations) is
linearly related to a macroscopic friction
or viscosity.

Now we can return to Néel and
Brown, and the problem of spontaneous
reversal of the magnetic moment of a
single-domain particle by coherent
rotation.  In rock-magnetic texts, the
approach is usually close to that of Néel,
which is relatively direct and which has a
comfortable familiarity.  In contrast,
Brown’s papers seem rather abstract and
difficult, but with some effort one can
recognize elements of both Néel theory
and Brownian motion theory.  For a
particle of volume v and magnetization
M (with fixed intensity M

s
(T) and

variable orientation specified by polar
angle θ and azimuthal angle φ), the
variation in free energy with orientation
has two principal components: the
anisotropy energy (magnetocrystalline
and/or shape; Brown calls this the
Helmholtz free energy A(θ, φ,T)), and the
energy associated with the external field
H (the so-called Zeeman energy equal to
-µµµµµ0

M·H); together these give the total
Gibbs free energy (per unit volume) V(θ,
φ,T,H).   Just as a spatial gradient in V is
equivalent to a force, a directional
gradient is equivalent to a torque, and an
equation analogous to (1) can be written
as:
(3) (1/γ) dM/dt =

M×[-dV/dM + h(t) - ηdM/dt]
which Brown calls the “Langevin
equation” of the stochastic magnetization
fluctuation process.  The left-hand side is
the rate of change in angular momentum
as the magnetization changes, and the

right-hand side is the cross product of M
and an “effective field” with three terms.
The conservative term (-dV/dM)
incorporates the applied field and the
anisotropy field; the fluctuation term
(h(t)) involves stochastic pulses (transient
thermal deformations of the crystal
lattice) which scale as kT; and the
dissipation term (- ηdM/dt) represents the
transfer of energy back to the environ-
ment (via magnetoelastic, Ohmic and/or
other mechanisms).  Further development
of (3) through the Smoluchowski
equation and/or the Fokker-Planck
equation is beyond the scope of this
article**.  Brown forges ahead intrepidly
and ultimately concludes “The Brownian-
motion approach to this problem is based
on legitimate simplifications, and it yields
to analysis up to the point where a partial
differential equation is to be solved.
Beyond this point, analytical methods fail
except in trivial cases.”  One such trivial
(but useful) case is that of uniaxial
symmetry (i.e., uniaxial particles aligned
with the external field, the case treated by
Néel, for which V=Ksin2θ - µ

0
HM

s
cosθ):

“When V=V(θ), the approximate methods
developed seem adequate for all cases of
interest.”  One of the most important
approximations is that the energy minima
of the two polarities are separated by a
sufficiently large barrier that the magneti-
zation is largely confined to the easy axis,
as assumed by Néel. Brown finds that
formulas derived from this assumption,
though “certainly wrong if Kv/kT is less
than 0.92” are still reasonably accurate
and are still useful for ratios as low as
0.5.
   The Néel-Brown model is typically
applied to data from natural or synthetic
samples containing enormous numbers of
individual magnetic grains, with
incompletely-known distributions of size,
shape, etc.  Rigorous tests of the model
are quite difficult using such data, and
more commonly it is assumed that the
model provides a sufficiently accurate
description of individual grain behavior,
thereby providing a means to characterize
the distribution of particle properties.
The first direct confirmation of the model
by time- and temperature-dependent
magnetization measurements on indi-
vidual single-domain particles, was that
of Wernsdorfer et al [1997], who found
using microSQUID magnetometry that
single ferromagnetic (Ni, Co and Dy)
nanoparticles behaved very much as
predicted.  Interestingly, significant
deviations from the model predictions
were found for ferrimagnetic materials
(unspecified composition) and ferromag-
netic-antiferromagnetic composites (e.g.,
ferromagnetic particles with oxidized
surfaces).

Another method of measuring an
individual single-domain particle [Stipe
et al., 2001] involves mounting it on the
tip of a cantilever, which oscillates at its
resonant frequency in variable applied
fields at low temperature.  The angle
between the field and the long axis of
the particle changes as it swings on the
oscillating cantilever, and the magnetiza-
tion of the particle responds by
continuously reorienting to minimize
V(θ).  Non-parallelism of the magnetiza-
tion and the applied field results in a
torque that “tries” to restore the particle
to parallel alignment.  This acts
effectively to stiffen the cantilever spring
constant, and therefore the oscillation
frequency (which is measured) shifts by
an amount related to the particle
moment and coercivity, the applied field
strength, and the cantilever properties.
Measurements in varying fields allow
determination of moment and H

k
.  The

fluctuation-dissipation theorem, a
generalization of Einstein’s diffusion-
viscosity relation, provides a basis for
estimating the minimum measurable
moment for this technique.  The energy
loss per oscillation cycle is quantified by
a measurable dissipation parameter,
which in turn is linearly related to the
mean-square thermal-magnetic fluctua-
tion, i.e., the noise floor.  Stipe et al
[2001] estimate that the signal/noise
ratio falls to unity when the moment
decreases to the order of 104 Bohr
magnetons (~10-19 Am2, or roughly the
moment of a 5-nm magnetite particle).

The past century has, of course, seen
widespread application of the laws of
Brownian motion throughout physics
and beyond, in chemistry, biology, and
even economics.  But still the most
amazing thing is that “Under the
microscope one, to some extent,
immediately sees a part of the thermal
energy in the form of mechanical energy
of moving particles.” (Einstein, quoted
in Renn [2005]).

Brown, R.,  A brief account of microscopical
observations made in the months of
June, July and August, 1827, on the
particles contained in the pollen of
plants, Philosophical Magazine, v. 4, p.
161, 1828.

Brown, W. F., Thermal fluctuations of a
single-domain particle, Physical Review,
v. 130, n. 5, p. 1677-1686, 1963.

Brown, W. F., Thermal fluctuations of fine
ferromagnetic particles, IEEE Transac-
tions on Magnetics, v. MAG-15, n. 5, p.
1196-1208, 1979.

Einstein, A., Über die von der
molekularkinetischen Theorie der
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ruhenden Flüssigkeiten suspendierten
Teilchen, Annalen der Physik, v. 17, p.
549-560, 1905.  Republished in The
Collected Papers of Albert Einstein,
Volume 2, The Swiss Years: Writings

*one for each Cartesian component of
translational kinetic energy, with additional
degrees (for polyatomic particles) for rotations
and internal vibration modes. **and beyond the capabilities of this author
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Einstein, Albert
b. Mar 14, 1879, Ulm
d. Apr. 18, 1955, Princeton

The iconic figure of science.  After spending his
childhood in Munich, Einstein graduated with a
teaching degree from the Swiss Federal Polytechnic
Institute (ETH) in Zurich in 1900.  Unable to find a
teaching position, he worked for the patent office in
Bern, where, working independently, he profoundly
transformed theoretical physics.  In his annus
mirabilis of 1905, he completed a revolutionary
paper on the particulate nature of light (for which he
won the 1921 Nobel), introduced special relativity
(unifying space and time and establishing the
equivalence of mass and energy), and published on
molecular dimensions and the kinetics of heat (for
which he earned a doctorate from the University of
Zurich).  The general theory of relativity in 1916
incorporated gravity, and Einstein struggled for the
rest of his life to develop a full unified field theory.
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It is due to Einstein and Smoluchovski that we have a kinetic theory of the
Brownian movement which lends itself to verification.

These theories can be judged by experiment if we know how to prepare spherules
of a measurable radius. I was, therefore, in a position to attempt this check as soon as
I knew, thanks to Langevin, of the work of Einstein.

I must say that, right at the beginning, Einstein and Smoluchovski had pointed
out that the order of magnitude of the Brownian movement seemed to correspond to
their predictions. And this approximate agreement gave already much force to the
kinetic theory of the phenomenon, at least in broad outline.

It was impossible to say anything more precise so long as spherules of known size
had not been prepared. Having such grains, I was able to check Einstein's formulae
by seeing whether they led always to the same value for Avogadro's number and
whether it was appreciably equal to the value already found.

This is obtained for the displacements by noting on the camera lucida (magnifica-
tion known) the horizontal projections of the same grain at the beginning and at the
end of an interval of time equal to the duration chosen, in such a manner as to
measure a large number of displacements, for example in one minute.

In several series of measurements I varied, with the aid of several collaborators,
the size of the grains (in the ratio of 1 to 70,000) as well as the nature of the liquid
(water, solutions of sugar or urea, glycerol) and its viscosity (in the ratio of 1 to 125).
They gave values between 55 x 1022 and 72 x 1022, with differences which could be
explained by experimental errors. The agreement is such that it is impossible to doubt
the correctness of the kinetic theory of the translational Brownian movement.

Jean Baptiste Perrin – Nobel Lecture, December 11, 1926
From Nobel Lectures, Physics 1922-1941, Elsevier Publishing Company, Amsterdam,
1965
http://nobelprize.org/physics/laureates/1926/perrin-lecture.html
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