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Maintaining
High

Standards
In a bell jar in a vault in the Pavillon

de Breteuil at Sèvres, near Paris, a small
cylinder made from an alloy of platinum
and iridium is meticulously maintained
by the Bureau International des Poids et
Mesures.  It is, of course, the interna-
tional prototype kilogram, the standard
by which the SI unit of mass is defined:
“The kilogram is the unit of mass; it is
equal to the mass of the international
prototype of the kilogram.”

The prototype kilogram assumed
office in 1889, together with a Pt-Ir
prototype meter of length, both as
replacements of earlier (1799) platinum
standards.  At about the same time,
research began on ways to replace the
length prototype, by redefining the meter
in terms of the wavelength of particular
types of electromagnetic radiation
(Michelson won the 1907 Nobel Prize in

The International Prototype Kilogram, at the Bureau International des Poids et
Mesures, Sèvres.  The compact cylinder (L=D~3.9 cm), an alloy of 90% platinum and
10% iridium, has served since 1889 as the definition of a kilogram mass.

Physics "for his optical precision instru-
ments and the spectroscopic and
metrological investigations carried out
with their aid.")  Eventually in 1960 the
11th Conférence Générale des Poids et
Mesures redefined the meter as the
length equal to 1,650,763.73 wave-
lengths of a particular spectral line of
86Kr (specifically that associated with the
2p10 - 5d5 transition).

Thus the kilogram stands alone as the
sole fundamental SI unit of measure for
which the defining standard is a manufac-
tured object.  Current research in
metrology and physics is searching for a
way to replace it, for reasons of practical-
ity, precision, and dissemination/traceabil-

ity.  First, manufactured standards are
subject to small (but in the context,
significant) changes with time: mass
increases due to surface contamination, or
decreases due to minor abrasion during
use; length may change due to metal
creep or other mechanisms.  Second, any
changes are essentially impossible to
detect, since there is no “higher” standard
to which a prototype may be compared.
Third, the precision with which the
definitive quantity is “known” (i.e., the
precision with which secondary standards
can be compared against the prototypes)
is limited by a variety of potential sources

Standards
continued on p. 10...

Pavillon de Breteuil at Sèvres, home of the Bureau International
des Poids et Mesures
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Visiting Fellows’ Reports

Xixi Zhao
University of California,

Santa Cruz
xzhao@es.ucsc.edu

Magnetic Carriers in Leg 183
Basement Cores From the
Kerguelen Plateau in the
Southern Indian Ocean

Kerguelen Plateau/Broken Ridge is a
Cretaceous large igneous province (LIP)
in the southern Indian Ocean (Fig. 1).
Preliminary interpretations of the results of
Leg 183 suggest that the southern
Kerguelen Plateau, only hundreds of
kilometers from Antarctica, formed 119
million years ago. The central Kerguelen
Plateau and the once-contiguous Broken
Ridge and Elan Bank formed between 94
and 110 Ma. In contrast, the northern
Kerguelen Plateau is much younger, <35
Ma. Thus several intense episodes of
volcanism formed this large plateau over a
long time period, in contrast with the
Ontong Java Plateau in the Pacific, which
appears to have formed mainly in a single
massive volcanic event of ~122-Ma age.

During Leg 183, the magnetic and
physical properties of basement rocks
have been investigated by whole-core
measurements of magnetic susceptibility
(χ), NRM, and compressional wave
velocity (Vp). In general, we observed
that, for subaerial basalts, the brecciated
flow tops have higher χ and stronger
NRM intensities than the massive
interiors; submarine lava flows display the
opposite behavior. On the other hand,

changes in Vp show the same general
trend for both subaerial and submarine
basaltic rocks: the least-altered massive
interior samples have velocities greater
than the highly altered flow tops. Although
these trends are consistent with observa-
tions reported in previous studies, further
shore-based rock magnetic studies are
needed to correctly identify the magnetic
minerals, to explore the relationship
between magnetic properties and
lithology and alteration, and to evaluate
the fidelity of the NRM. For these reasons,
I conducted a series of rock magnetic
measurements to help identify and
characterize the magnetic minerals.

The preliminary results I obtained at
the IRM have revealed important
information about the origin of rema-
nence and on the magnetic minerals
present in the Leg 183 cores. Three
general types of behavior were found in
the rock magnetic measurements. One
group has a single phase of Ti-poor
titanomagnetite. The majority of subaerial
basaltic samples from Sites 1136, 1137,
1138, 1141 and 1142 belong to this
group. Results for various massive
subaerial basalt samples show T

C
s

between 480º and 605ºC, compatible with
that of Ti-poor titanomagnetites. The
thermomagnetic curves of these samples
exhibit very little difference between
heating and cooling of the samples.
Samples with titanomagnetite also exhibit
a strong Verwey transition in the vicinity
of 110 K, and χ(f, T) curves that resemble
those of synthetic Ti-poor titanomagnetites.
Hysteresis ratios that suggest that the bulk
magnetic grain size is in the PSD range.
Subaerial basalts have been thoroughly
studied; they have high Curie temperatures
(500-580ºC) and rarely have two Curie
points. They undergo deuteric high-
temperature oxidation, which is responsible
for the high T

C
. It is this high-temperature

oxidation, especially when carried to
completion with the production of fine-
grained hematite, that makes subaerial
basalts excellent recorders of the
geomagnetic field.  Subaerial Sample 183-
1136A-16R-2, 140-142 cm, from Site 1136
may have experienced such high-
temperature oxidation, as the Mössbauer
spectrum of this sample shows sign of
presence of hematite. Therefore, the
subaerial basalts from this group are most
likely good paleomagnetic recorders that
can preserve original and stable magnetic
remanences.

The second group is characterized by
a T

C
 of 200 -400ºC and is mainly repre-

sented by pillow basalt samples from Site
1140. Samples in this group apparently
went through low-temperature oxidation.
Thermomagnetic analysis using the low-

field susceptibility method shows that the
remanent magnetization in this group is
carried by a thermally unstable mineral
that breaks down at about 400ºC.
Thermomagnetic analysis using the high-
temperature VSM show evidence for
unoxidized titanium-rich titanomagnetite
(TM60). The low-temperature curves for
this sample (and the rest samples of the
group) do not show the Verwey transition.
The frequency-dependent relationships
are distinctively different from those in
the first group, with little or no signs of
pure titanomagnetite characteristics. The
magnetic grain sizes of the pillow basalt
samples fall toward the boundary
between SD and PSD with several
samples fall in the SD size. The rock
magnetically inferred fine grain size
indicates a rapid cooling environment for
the pillow lavas of Site 1140. Altogether,
these rock-magnetic data seem to be
sensitive indicators of low-temperature
oxidation and support the contention that
titanium-rich titanomagnetite is respon-
sible for the magnetic signatures
displayed in the pillow basalts.

The third group has more than one
T

C
, thus suggesting the presence of

multiple magnetic phases. Four of the six
samples from Site 1139 belong to this
group. Although the hysteresis ratios for
rocks in this group still fall in the PSD
region, the cluster is centered toward the
MD region (with higher Hcr/Hc ratios).
Low temperature curves do not show the
Verwey transition clearly. The thermo-
magnetic signature indicates the inversion
of titanomaghemite to a strongly
magnetized magnetite, as showing by the
irreversible cooling curve. Although CRM
due to oxidization of titanomagnetite and
inversion of titanomaghemite has been
shown to parallel the original TRM, it is
difficult to assess whether these rocks
retain stable remanence magnetization
from the data collected in this study.

In summary, the rock magnetic data
on Leg 183 samples clearly indicate that
titanomagnetite is the dominant mineral
and the primary remanence carrier. The
general good magnetic stability and other
properties exhibited by these rocks
support the inference that the characteris-
tic directions of magnetization isolated
from the Cretaceous sites were acquired
during the Cretaceous Normal
Superchron. The stable inclinations
identified from these samples are
therefore useful for future tectonic
studies.

The rapidly cooled pillow basalt
samples in Site 1140 (34 Ma) are fresh to
slightly altered and have a more uniform
magnetic grain size distribution. From the
high-field magnetic moment curves and
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Curie points, it may be inferred that Ti-rich
titanomagnetites are present in these
submarine basalts and they are expected
to give accurate results. Basalts recovered
at Site 1142 were questioned as pillowed
basalts in the shipboard petrological
description. Results of our rock magnetic
investigation on a limit set of these rocks,
however, would suggest they were most
likely erupted in a subaerial environment,
similar to their counterpart in Site 1141.

Most of samples from Site 1139
showed the third group behavior, which
raises the question whether the reversed
signal observed at six Site 1139 cores is
due to field- or self-reversals. We do not
believe these samples have a self-
reversed TRM because the thermomag-
netic curves for the normal and reverse
magnetized samples are indistinguishable.
However, we noticed that Site 1139 lies on
Skiff Bank, which has been proposed as
the current site of the Kerguelen hotspot.
Although hundreds of meters of sediment
on parts of the elevated feature argue
against Skiff Bank origination entirely by

recent volcanism, the shipboard petrologic
observation for these altered volcanic
rocks and trachyte basalt favor the
hypothesis that the remanence may be a
recent overprint during alteration.
Magnetic grain-size measurements in this
study, as determined from hysteresis
ratios, show the magnetic minerals of
Site 1139 cores are of PSD-MD size and
have undergone low-temperature
oxidation. This information, together
with other observations (and lacking
evidence to the contrary), would suggest
that substantial alteration has subse-
quently taken place and may have reset
the original magnetization. Thus, we favor
the speculation that the reversed
magnetization in the six samples from
Site 1139 involves resetting of the
direction of remanence by alteration.
Much more additional work is still
needed to constrain the magnetic
interpretation.

I want to extend special thanks to the
paleomagnetism group of the IRM at the
University of Minnesota for their

wonderful support and fruitful discus-
sions during my visit.
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Part 1. Rock magnetic
properties of ODP Leg 197

basalts

Basalts from three of the Emperor sea-
mounts were collected during ODP Leg
197. I used sixty-five samples for Thellier-
Thellier paleointensity measurements. It is
well-known that maghemitization occurs
frequently in submarine basalts and that it
yields paleointensity values that are too
low. This is why the first part of my project
involved characterization of the magnetic
carriers of the samples that succeeded in

the paleointensity experiment (17
samples). I measured thermo-
magnetic curves as well as warm-
ing and cooling curves of SIRM.
One lava flow that gave good pa-
leointensity results is mainly con-
stituted of non-oxidized, low ti-
tanium (x=0.03) titanomagnetite.
Almost all the other samples
showed evidence of maghemiti-
zation to various degrees. The
magnetic carriers are

titanomaghemites with x varying from 0 to
0.5. We noticed a large variation of x and z
values between seamounts and even within
one seamount. Samples from one lava flow
from Koko seamount had interesting behav-
ior. According to the thermomagnetic
curves, titanomaghemite with TC ≈ 160°C
(x ≈0.55) is the main magnetic carrier. The
SIRM (20 K) decreases steadily with warm-
ing and changes sign at 170 K. In cooling
from 300 K, the room-temperature SIRM
decreases, passes through zero at 170 K,
changes sign and keep decreasing with cool-
ing to 20 K. The warming curve exactly
retraces the cooling curve.

Part 2. FORC diagram
measurements on natural

samples

FORC diagrams on natural samples are still
relatively rare in the literature. The second
part of my project involved measurements
of FORC diagrams at low-temperature
(down to 20 K) on some of the basalt
samples used in Part 1, potsherds samples

that I used previously for paleointensity
determinations and a variety of synthetic
samples (magnetite and maghemite
mostly). The samples show a large variety
of behaviors at room temperature depend-
ing on the grain size (closed-contour peak
or contours joining with the HU axis) and
the interaction state. The FORC diagrams
when the temperature is decreased are also
very diverse. The only common pattern to
all the samples is the displacement of the
main peak on the HC axis towards higher
HC, leading to more closed-contour peaks
for samples that at 300 K had contours
joining with the HU axis. Most of the
FORC distributions are asymmetrical. The
example shown on Figure 2 represents
FORC diagrams at 300 K, 200 K, 50 K
and 20 K for a potsherd sample, mainly
composed of titanomagnetite with x≈0.2.
The room temperature FORC diagram is
characteristic of fine PSD material. When
the temperature is decreased to 50 K, the
peak moves towards higher Hc. Note the
scale change between the first two and the
last two diagrams.
Finally, I would like to thank Mike, Peat
and Jim for their help and their hospital-
ity.Fig.1: Temperature dependence of

SIRM produced by a 2.5 T field. The
open circles show the zero-field SIRM
warming curve from 20 K to 300 K.
The closed circles show the zero-field
cooling (300 K to 20 K and warming
curves for SIRM produced at 300 K.

Fig.2: FORC diagrams for a
potsherd sample.

Claire Carvallo
University of Toronto

carvallo@physics.utoronto.ca
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Lepidocrocite as the Inter-
mediate Phase between

Ferrihydrite and Magnetite
During Bacterial Iron Re-

duction

In this study we reported the appearance
of lepidocrocite as an intermediate phase
between ferrihydrite and magnetite in GS-
15 culture. Medium was modified from
Lovley and Phillips (1988) in which PIPES
replaced bicarbonate and yeast extract was
omitted. Acetate was used as the carbon
source. After ca. 30 hours incubation at
30°C anaerobically, the dark brown
ferrihydrite slurry turned to yellow. Sharp
XRD peaks indicated the appearance of

well crystallized lepidocrocite. A small
amount of magnetite was detected by mag-
net after 50 hours incubation. TEM study
showed the average grain size of
lipidocrocite was at ca. ~25×200 nm.
Lepidocrocite transformed to magnetite
after 150 hours incubation. The grain size
of the magnetite ranges from
superparamagnetite to multiple domains.
A Mõssbauer spectroscopic study of time
course samples revealed the transformation
of the valences and nearest neighbor envi-
ronments of Fe. A detailed study of the
magnetic properties of the material indi-
cated that superparamagnetic magnetite
dominates the magnetic material. However,
the TEM studied indicated the single do-
main magnetite grains were of a new type.

Though not proved to be a potential elec-
tron acceptor for GS-15, the thermodynamic
data showed that precipitation of magne-
tite from lepidocrocite decreased the ∆Gf

o

when compared to ferrihydrite. This study
implied that some rarely appeared iron
(hydr)oxides (such as lepidocrocite) could
play a role during iron mineral transforma-
tion in the natural system.
Lovley D.R. and Phillips E.J.P. (1988) Appl.
Environ. Microb., 54: 1472-1480.

Acknowledgements. We thank the Insti-
tute for Rock Magnetism for professional
help in measuring the magnetic properties
and Mõssbauer absorptions of our samples.
The Visiting fellowship awarded from IRM
made Li’s trip possible.

Yi-Liang Li and
Chuanlun Zhang

Savannah River Ecology
Laboratory
li@srel.edu

An Inverse Thellier Method
of Paleointensity
Determination

My main experiments at the IRM
used the MPMS and involved the
cooling-heating analog of the Thellier
paleointensity method. The rationale is
that inverse thermoremanent magnetiza-
tion (ITRM), produced when magnetite
warms from below the Verwey transition
TV = 120 K to room temperature T0 in a
magnetic field H, could be acquired by
magnetite-bearing meteorites if their
interiors remain below 120 K at the time
of impact and they subsequently warm in
the Earth’s field. ITRM might possibly
be distinguished from genuine extrater-
restrial remanence by the recorded field
intensity H, since the present field is well
mapped over the Earth. To test this idea,
Yong Jae Yu and I have proposed the
inverse Thellier paleointensity method,
which uses double cooling-warming
steps below 300 K in place of double
heating-cooling steps above 300 K.

We use as the “NRM” a total ITRM
produced by warming natural samples
and sized synthetic magnetites from 30 K
to 300 K. The field H used in my recent
experiments was 0.1 mT, produced by a
copper coil rather than the superconduct-
ing solenoid for good control of the field
intensity in field-on steps and for
accurately zeroing the field in field-off
steps. The first cooling-warming step,
usually to 200 K, was in zero field.
Remanence measured after this step
gives the NRM remaining. The second
cooling-warming step was in field H. The
difference in remanence between the
second and first steps gives the partial
ITRM gained. NRM remaining and
partial ITRM gained in further steps to
150, 130, 120, 110, 100 and 90 K,
generate an “inverse Arai plot”, whose
slope is the ratio between the “NRM”
and partial ITRM fields.

The temperature steps were chosen

on the basis of (i) partial ITRM spectra
and (ii) stepwise low-temperature
demagnetization (LTD) of total ITRM.
Partial ITRM results if H is applied over
the warming interval (T1, T2) and H = 0
over all other T intervals. Sets of
neighboring partial ITRMs were
produced in samples which had first been
LTD cleaned. The partial ITRMs were
determined either by the increment in
induced magnetization ∆Mi between
adjacent cycles or by the incremental
remanent magnetization ∆Mr produced in
a cycle. The partial ITRM spectra
determined from ∆Mi and ∆Mr data agree
fairly well. The spectrum peaks between
100 and 110 K, slightly below TV. A
second peak between 120 and 130 K is
presumably related to the isotropic point
at 130 K. Substantial partial ITRMs were
also produced between 150 and 200 K
and between 200 and 250 K, due to
increasing magnetocrystalline anisotropy,
which pins domain walls.

Stepwise LTD curves are analogous
to AF or thermal demagnetization curves.
They plot the fraction of initial remanence
remaining after a complete demagnetiza-
tion step (H = 0 cycle from T0 to Ti and
back to T0) as a function of Ti. The
inverse Thellier method will only be
successful, i.e., give linear NRM– pITRM
plots, if the NRM unblocking temperature
spectrum matches the pITRM blocking
temperature spectrum. This is most likely
to happen if the NRM is an ITRM. For
completeness, I tested also the stepwise
LTD unblocking spectra of ARM and
SIRM as well as ITRM. The LTD
spectrum peaks at lower T as grain size
decreases, although 1, 3, 6 and 9 µm
magnetites have quite similar curves.
Also ITRM is “harder” (requires cooling
to lower T for a given level of LTD) than
SIRM, but is “softer” to LTD than weak-
field ARM.

Together with Dr. Yu’s experiments,
described in an earlier issue of the
Quarterly, magnetites with sizes of 0.065,

0.2, 0.6, 1.0, 1.1, 3, 6, 9, 17 and 135 µm,
both unannealed and annealed, and two
samples of the Tudor Gabbro containing
elongated single-domain magnetite, have
now been tested. The single-domain
samples (0.065 µm, Tudor) came closest
to ideal behavior (straight-line Arai plot,
slope –1). In other samples, the ITRM –
pITRM data sagged significantly below
the ideal line. Points approached or
rejoined the ideal line for the 90 K step,
where pITRM≈ITRM. More ITRM is
lost in early zero-field steps than is
regained as partial ITRM during in-field
steps, even for grains that are quite near
single-domain size. Similar Arai plots
characterize Thellier experiments on
TRM of multidomain and PSD magne-
tites. Both results probably mean that
domain walls are easier to unblock than
block in early steps.

It is disappointing that the inverse
Thellier method, which eliminates
chemical alteration due to heating, gives
non-linear Arai plots for the majority of
samples tested, even for small PSD
grains near single-domain size. Single-
domain (0.065 µm) magnetite had
almost ideal behavior but only 25% of
the ITRM demagnetized and was
replaced by pITRMs. This is a general
problem with the method. All TRM
demagnetizes by heating to TC in the
Thellier method, but only a fraction of
ITRM and other remanences are erased
by LTD to <TV.

The inverse Thellier technique might
be more successful if applied to TRM,
because the TRM lost in early steps
should be a closer match to ITRM
gained. This speculation is based on the
fact that ARM (and presumably also
TRM) demagnetizes more slowly than
ITRM in stepwise LTD.

These experimental results are
described in a poster at the Fall 2002
AGU meeting.

David Dunlop
University of Toronto

dunlop@physics.utoronto.ca
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At Long Last, A Logo
From time to time over the years

we’ve thought about designing a logo for
the IRM, but it never really rated as a high
priority and consequently, although it
remained in the back of our minds
somewhere, it remained just one of the
many things that might be nice to do some
day.  Recently, though, inspiration came in
the form of Figure 4.13 in O’Reilly [1984],
from which the right-hand “wheel” of the
logo is taken.

To understand what it represents,
begin by considering a randomly-oriented
assemblage of identical uniaxial single-
domain grains.  When a saturating field is
applied, the magnetic moments of all the
grains are perfectly aligned (if we neglect
thermal fluctuations) with the field.  When
we subsequently shut off the applied field,
the moment of each grain rotates into
alignment with the easy axis of the
particle.  In this state of saturation
remenence, the angular distribution of
magnetic moments is spread evenly over
the hemisphere centered on the applied
field orientation.   The left-hand wheel
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represents this state.  (Generate a
hemisphere by rotating the black
semicircle around the horizontal axis).

For a grain whose easy axis makes an
angle φ with the applied field orientation,
the net contribution to the remanence of
the assemblage is MScosφ (where MS is
the spontaneous magnetization of the
grain).  The total remanence obtained by
summing over all the grains is one half the
saturation magnetization of the assem-
blage (0.5 being the average value of cosφ
over the hemisphere) [Stoner and
Wohlfarth, 1948].

Now let’s apply a field in the opposite
direction.  The energy of a dipole in an
external field varies as -µ0mHcosα
(where the moment m=MSV and α is the
angle between m and H), i.e., it is
minimized when m is parallel to H and
maximized when m and H are antiparallel.
To reduce this energy, the moment of each
grain rotates toward alignment with the
applied field, but this rotation is opposed by
the anisotropy of the particle.  The
anisotropy energy varies as sin2θ, where θ
is the angle between the magnetization
and the easy axis (α=φ-θ).

These relationships are illustrated at
left for grains with three orientations, one
nearly parallel (φ=170°; top), one nearly
perpendicular (φ=100°; bottom), and one
intermediate orientation (φ=135°; center).
In each case M0 represents the saturation
remanence, and M1 the magnetization in
the reverse applied field, the orientation of
course depending on the field strength.  In
the graphs the easy axes are at θ=0° and
θ=180°, separated by the anisotropy
energy barrier (dotted curve, with
maximum at 90°).  The energy due to the
external field (dashed curve) reaches a
minimum at θ=φ, and the shape of the
total energy curve (black, sum of
anisotropy and field terms) determines
how far the moment rotates from the
initial remanence orientation (θ=0°).

For φ=170° (top), it is energetically
favorable for the moment to rotate only
about 10 degrees; beyond that the total
energy increases slightly to a maximum
near θ=60° before plunging to the
equilibrium (minimum energy) position
near θ=175° (the maxima and minima of
the total energy are more easily seen in
the gradient curve, shown in gray).  In the
absence of thermal fluctuations, the grain
moment is hopelessly trapped in the local
energy minimum at θ~12°; the field
strength is not quite sufficient to overcome
the anisotropy in this orientation.  If we

M0

H0

M1

α

turn off the field, the grain moment returns
to its initial orientation at θ=0°.

It is a different story for φ=135°
(middle) - it is downhill all the way from
θ=0° to the minimum near θ=160°.  The
anisotropy barrier having been cleared,
when we shut off the field, the moment of
this grain rotates not back to to its initial
orientation at θ=0°, but to the opposite
easy direction at θ=180°.  It is perhaps a
bit counterintuitive that an applied field is
more effective at reversing the remanence
of a grain when it is inclined by 45° to the
easy axis than when it is parallel.  In fact
it takes twice as large a field to flip a
parallel grain as it takes to flip obliquely-
oriented ones; the field has more
“leverage” in the latter case.

When just the right reverse field
(remanent coercive field HCR) is applied
and then removed, exactly half of the total
remanence has flipped, and the net
remanence is zero.  The right-hand wheel
of the logo shows the angular distribution
of grain moments in this state (the black
and white areas forming annular cones
when rotated about the horizontal field
axis).  Grains whose easy axes are in the
annular cone bounded by θ=120° and
θ=150° have their moments reversed into
the opposite hemisphere; these represent
half the remanence, so the assemblage is
“demagnetized”.

Dunlop, D. J., and Özdemir, Ö., 1997, Rock
Magnetism: Fundamentals and Frontiers,
Cambridge Studies in Magnetism:
Cambridge, Cambridge University Press,
573 p.

O’Reilly, W., 1984, Rock and Mineral
Magnetism: Glasgow, Blackie, 230 p.

Stoner, E. C., and Wohlfarth, E. P., 1948, A
mechanism of magnetic hysteresis in
heterogeneous alloys: Philosophical
Transactions of the Royal Society of
London, Series A, v. 240, p. 599–602.

θ
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Anisotropy

Archanjo, C. J., Araujo, M. G. S., and
Launeau, P., 2002, Fabric of the Rio Ceara-
Mirim mafic dike swarm (northeastern
Brazil) determined by anisotropy of
magnetic susceptibility and image analysis:
Journal of Geophysical Research, v. 107, no.
B3, p. EPM1-1-1-13.
The strong magnetic susceptibility of these
rocks, around 5*10-2 SI, is due to low-Ti
magnetite which usually forms euhedral to
subhedral, equant to skeletal grains. 42% of
the dikes show a “normal” fabric that
coincides with the shape alignment of
plagioclase, indicating a primary origin for
the normal AMS. Inverse magnetic fabrics
have lineations perpendicular to the dike wall.
A shape lineation of opaque grains lies
generally close to the magnetic lineation, and
petrofabric studies indicate that the abnormal
magnetic fabric is unrelated to flow.
Competition of interstitial magnetite grains
crystallizing either along or perpendicular to
the magma stretching direction seems to
account for the weak AMS and the irregular
distribution of the AMS types on the swarm.

Bascou, J., Raposo, M. I. B., Vauchez, A., and
Egydio-Silva, M., 2002, Titanohematite
lattice-preferred orientation and magnetic
anisotropy in high-temperature mylonites:
Earth and Planetary Science Letters, v. 198,
no. 1-2, p. 77-92.
In  mylonitic granulites from southeastern
Brazil, both paramagnetic and ferromagnetic
minerals can be carriers of AMS. The
anisotropy of IRM , which is due to the shape-
preferred orientation of magnetite grains, is
coaxial with AMS. Lattice-preferred orientation
(LPO) measurements using the electron
backscattered diffraction technique show that
orthopyroxene, amphibole, biotite and
titanohematite have a strong LPO tightly
related to the tectonic fabric. Titanohematite
LPO is characterized by a strong concentra-
tion of (0001) poles (c-axes) sub-perpendicu-
lar to the foliation and by a distribution of the
poles of the (2110) and (1010) prism planes
within the foliation with a maximum close to
the lineation. This characteristic LPO is
interpreted as resulting from dislocation creep
during the mylonitization.

Ferré, E. C., 2002, Theoretical models of
intermediate and inverse AMS fabrics:
Geophysical Research Letters, v. 29, no. 7, p.
31-1-4.
The mixing of normal and inverse magnetic
fabrics results in intermediate fabrics.
Theoretical models for intermediate fabrics
consider all combinations of normal and
inverse fabrics. The minimum amount of
inverse component required for intermediate
fabrics to form is about 20% in the case of
prolate normal (T=-0.50) and prolate inverse
(T=-0.42) components. Such a small amount of
inverse component may not be noticed. The
anisotropy resulting from intermediate fabrics
is lower than that of the normal or inverse
contribution to AMS. This suggests that
whenever intermediate fabrics occur neither
the shape factor nor the degree of anisotropy
relate to strain in a simple way.

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.

National Prototype Kilogram #20 became the U.S. standard of mass in
1890.  The original calibration against the International Prototype
indicated a mass of 0.999 999 961 kg for #20.  The nested set of bell
jars was designed to minimize mass accretion due to surface contami-
nation.

Alteration, Diagenesis &
Remagnetization

Passier, H. F., and Dekkers, M. J., 2002, Iron
oxide formation in the active oxidation
front above sapropel S1 in the eastern
Mediterranean Sea as derived from low-
temperature magnetism: Geophysical
Journal International, v. 150, no. 1, p. 230-
40.
The difference between zero-field-cooled
(ZFC) and 2.5T-field-cooled (FC) remanence
warming curves suggests the presence of
magnetosomes in the oxidized zone. We
propose a new parameter D=(MrFC150-300 K-
MrZFC150-300 K)/MrFC300 K, where Mr(Z)FC150-300 K
represents the average remanence between 150
and 300 K, to quantify the difference between
ZFC and FC curves above the TV. This is
interpreted as being indicative of the number
of defects and the extent of partial maghemiti-
zation. At the oxic-suboxic boundary where Fe
oxides actively precipitate, the magnetite
appears to be least maghemitized and enriched
in SP grains. Further upward in the oxidized
sapropel, the magnetite is slightly more
maghemitized and the relative contribution of
SP grains decreases.

Weaver, R., Roberts, A. P., and Barker, A. J.,
2002, A late diagenetic (syn-folding)
magnetization carried by pyrrhotite:
implications for paleomagnetic studies
from magnetic iron sulphide-bearing
sediments: Earth and Planetary Science
Letters, v. 200, no. 3-4, p. 371-86.
Paleomagnetic, rock magnetic, and sedimen-
tary micro-textural data suggest that the
pyrrhotite magnetization was acquired during
folding and after lock-in of the magnetite
remanences. Electron microscope observa-
tions indicate that fluid-associated halos
surround iron sulphide nodules. Pyrrhotite is
present in randomly oriented laths in and
around the nodules, which do not appear to
have been deformed by sediment compaction.
This observation is consistent with a late
diagenetic origin of pyrrhotite. Documentation
of a late diagenetic magnetization in pyrrhotite-
bearing sediments here, and in recent studies
of greigite-bearing sediments, suggests that
care should be taken to preclude a late origin
of magnetic iron sulphides before using such
sediments for geomagnetic studies.

Woods, S. D., Elmore, R. D., and Engel, M.
H., 2002, Paleomagnetic dating of the
smectite-to-illite conversion: Testing the
hypothesis in Jurassic sedimentary rocks,
Skye, Scotland: Journal of Geophysical
Research, v. 107, no. B5, p. EPM2-1-12.
Previous diagenetic studies indicate that rock
in north Skye contains abundant detrital
smectite, whereas the clays in the same age
rock in south Skye have altered to illite
because of Tertiary igneous activity.
Geochemical (87Sr/86Sr, δ13C, δ18O) studies
confirm that sedimentary rocks in south Skye
are altered. The magnetization in the rocks in
north Skye is weak and unstable. In contrast,
the rocks in south Skye contain a multicom-
ponent magnetization. Intermediate (225°-
450° C) and high-temperature (450°-580° C)
magnetizations have directions similar to
Tertiary igneous rocks on Skye. Rock magnetic
studies indicate the presence of pyrrhotite and
magnetite.
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spectroscopy, were found to contain
maghemite and metallic iron, with mean grain
sizes of 0.1-0.7 µm. A significant percentage
of maghemite in the grain-size range 10-16 nm
was identified, and there was evidence for
metallic iron in the grain-size range 5-8 nm.
This latter fraction is of particular importance
as transition metal particles <10 nm in
diameter are known to catalyse the production
of free radicals which are known to cause
many lung complaints such as asthma. It is
suggested that the maghemite comes from
automobiles and the metallic iron from the
street-trams which run near the sampling site.

Instruments and Techniques

Parker, R. L., and Gee, J. S., 2002,
Calibration of the pass-through magne-
tometer. II. Application: Geophysical
Journal International, v. 150, no. 1, p. 140-
52.
We characterize magnetometer sensitivity as a
function of position within the sensing
region, and calculate a smooth, harmonic,
interpolating function for each of the nine
components of the response tensor of the
magnetometer. For the magnetometer
onboard the Joides Resolution, the X and Z
coils are misaligned so that the magnetic
centre of the coils is displaced from the
geometric centre by ~0.7 cm. In experiments
with synthetic data we find that, unless
appropriate corrections are made, changes in
magnetization direction can appear as
variations in magnetic intensity, and
conversely, fluctuations in the magnetization
strength can produce large apparent swings
in declination and inclination.

Magnetic Field Records and
Paleointensity Methods

Carlut, J., and Kent, D. V., 2002, Grain-size-
dependent paleointensity results from very
recent mid-oceanic ridge basalts: Journal
of Geophysical Research, v. 107, no. B3, p.
EPM2-1-2-12.
Thellier paleointensity experiments on small
(mm scale) subsamples going from the rapidly
cooled glassy margin to the interior show
very good behavior (quality factor usually
above 10). Paleointensities obtained on
glasses are very consistent and in agreement
with expected values. However, results for the
crystalline parts are considerably (up to 50%)
higher than expected. These variations seem
to be correlated with the cooling history of
the samples and appear to be universal since
all samples exhibit the same intriguing pattern.
An extensive study of magnetic properties
allows us to link this incongruent behavior to
(1) MD effects and (2) the cooling rate
difference between laboratory experiments
and in situ cooling.

Hill, M. J., Gratton, M. N., and Shaw, J., 2002,
Palaeomagnetic investigation of Tertiary lava
from Barrington Tops, NSW, Australia,
using thermal and microwave techniques:
Earth and Planetary Science Letters, v. 198,
no. 3-4, p. 245-56.
A majority of samples exhibited a single TC at
around 200° C, indicating a Ti-rich titanomag-

Gattacceca, J., and Rochette, P., 2002,
Pseudopaleosecular variation due to
remanence anisotropy in a pyroclastic flow
succession: Geophysical Research Letters, v.
29, no. 8, p. 126-1-4.
In order to check the reliability of a
paleosecular variation record (Miocene,
Sardinia), we measured various types of
anisotropy: AMS, AARM and ATRM. The
main magnetic carrier is PSD titanomagnetite.
No general relation appears between the
degrees of AMS and AARM, while the
degrees of AARM and ATRM are almost
identical. Measuring the AARM thus provides
a fast and reliable method to correct
paleomagnetic deviation in volcanic rocks.
Once corrected for anisotropy deviation the
apparent scatter of the paleomagnetic
directions, mostly on inclination, is drastically
reduced.

Hrouda, F., 2002, Low-field variation of
magnetic susceptibility and its effect on the
anisotropy of magnetic susceptibility of
rocks: Geophysical Journal International, v.
150, no. 3, p. 715-23.
In common measuring fields, pyrrhotite,
haematite and titanomagnetite may often be
outside the field-independent initial suscepti-
bility range. The problem can be solved in
three ways. The simplest way is using very
weak measuring fields (<10 A m-1), but this can
result in significant lowering of sensitivity and
precision. The second way is to respect the
non-linearity and measure the susceptibility in
so many directions that contour diagram of
directional susceptibilities can be presented
instead of a susceptibility ellipsoid. The third
way is to measure the AMS within the
Rayleigh law range and calculate the initial
directional susceptibilities from which the
AMS can be correctly determined using linear
theory.

Environmental Magnetism and
Paleoclimate Proxies

Beer, J., Muscheler, R., Wagner, G., Laj, C.,
Kissel, C., Kubik, P. W., and Synal, H.-A.,
2002, Cosmogenic nuclides during isotope
stages 2 and 3: Quaternary Science Reviews,
v. 21, no. 10, p. 1129-39.
10Be and 36Cl data from Greenland ice cores and
14C data from tree rings and other archives
show: 1. Changes in the cosmogenic-nuclide
production rate on time scales >2 kyr agree
well with paleomagnetic data derived from
deep-sea sediments, e.g. the Laschamp (40 kyr)
and Mono Lake (32 kyr) events can be clearly
seen. 2. Production variations on shorter time
scales contain information on solar variability,
e.g. the 205 yr DeVries cycle is present in the
10Be data for 25-55 kyr BP. 3. A comparison of
∆14C calculated using 10Be data with the
measured ∆14C record, points to a reduction of
the global deep-water formation during the
Younger Dryas cold event. 4. Using produc-
tion rates of cosmogenic nuclides in the past
derived from paleomagnetic data, the
paleoprecipitation rate can be calculated. This
is crucial for establishing precise time scales.

Crook, N. P., Hoon, S. R., Taylor, K. G., and
Perry, C. T., 2002, Electron spin resonance as a
high sensitivity technique for environmental
magnetism: determination of contamination in
carbonate sediments: Geophysical Journal
International, v. 149, no. 2, p. 328-37.
Carbonate sediments from Discovery Bay,
Jamaica, have been impacted to varying
degrees by a bauxite loading facility. The ESR
spectra for all sites essentially contain three
components. First, a six-line spectra centred
around g = 2 resulting from Mn2+ ions within a
carbonate matrix; second a g = 4.3 signal from
isolated Fe3+ ions incorporated as impurities
within minerals such as gibbsite, kaolinite or
quartz; third a ferrimagnetic resonance with a
maxima at 230 mT resulting from the
ferrimagnetic minerals present within the
bauxite contamination. Depending upon the
location of the sites within the embayment
these signals vary in their relative amplitude in
a systematic manner related to the degree of
bauxite input.

Evans, M. E., Rokosh, C. D., and Rutter, N.
W., 2002, Magnetoclimatology and
paleoprecipitation: Evidence from a north-
south transect through the Chinese Loess
Plateau: Geophysical Research Letters, v. 29,
no. 8, p. 127-1-4.
Magnetic measurements and grain-size
analyses are reported for eight sites along a
420-km north-south transect across the
Chinese Loess Plateau with the goal of
assessing the quantitative estimation of
paleoprecipitation during the last interglacial
(oxygen isotope stage 5, 130 kyr B.P.). The
climofunction of Maher et al. [1994] suggests
that precipitation was generally elevated by
about 150 mm/yr over today’s values, but with
the same north-south gradient. However, in
one area, low precipitation values are found
that suggest no significant increase.

Maher, B. A., Alekseev, A., and Alekseeva, T.,
2002, Variation of soil magnetism across the
Russian steppe: its significance for use of
soil magnetism as a palaeorainfall proxy:
Quaternary Science Reviews, v. 21, no. 14-15,
p. 1571-6.
We test the soil magnetism/rainfall couple by
examining 22 Russian steppe soils (free of
present dust accumulation) across a climatic
transect. From the semi-arid Caspian region to
the more humid Caucasus, the soils display
systematic increases in topsoil ferrimagnetic
concentrations. With the exception of climate
(and its co-variant, vegetation), soil-forming
factors are essentially constant across this
stable area. Hence, the soil magnetic variations
dominantly reflect climate and from statistical
analysis, principally rainfall. Further, the
Russian steppe magnetic/rainfall relationship
matches that observed for the Chinese Loess
Plateau. These independent data thus
substantiate the soil magnetism/rainfall
climofunction and, by inference, eliminate ‘dust
dilution’ as a significant magnetic factor.

Muxworthy, A. R., Schmidbauer, E., and
Petersen, N., 2002, Magnetic properties and
Mössbauer spectra of urban atmospheric
particulate matter: a case study from Munich,
Germany: Geophysical Journal International,
v. 150, no. 2, p. 558-70.
Anthropogenically-derived atmospheric
particulate matter (PM) samples, studied by
magnetic hysteresis, microscopy, low-T
magnetic measurements and Mössbauer
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very intense overlapping and broad EPR lines
centred at low and high magnetic resonance
fields.

Korecki, P., and Szymonski, M., 2002, Three-
dimensional imaging of local atomic and
magnetic structure in compound epitaxial
films with γγγγγ-ray holography: Surface Science,
v. 507-510, p. 422-8.
γ-ray holography is a novel method for three-
dimensional (3D) imaging of local atomic
structure, which utilizes the internal reference
principle of holography. In this work, the
possibility of applying γ-ray holography for
direct 3D imaging of the geometric and
magnetic structure in compound epitaxial
films and in low-dimensional systems is
investigated using realistic simulations
performed for magnetite Fe3O4.

Terminiello, L., Bidegain, J. C., and Rico, Y.,
2001, Characterization of Argentine loess
and paleosols by Mössbauer spectroscopy:
Hyperfine Interactions, v. 136, no. 1-2, p. 97-
104.
Hematite is by far the dominant iron-bearing
magnetic component in bulk loess and
paleosol samples. Magnetically-extracted
material from the loess shows a remarkable
increase in the content of magnetite. The
enhancement of non-magnetic Fe3+ and a
decrease of Fe2+ mineral phases in the paleosol
layers seem to be a consequence of pedogen-
esis, which also caused a dissolution of
magnetic iron oxides. The increase of
magnetite in the silt fraction suggests that the
wind could have been the main carrier of
magnetic minerals, causing the major
differences in the magnetic parameters
between loess and paleosols in the Argentine
loess plateau.

Magnetization Processes

Madsen, K. N., 2002, Angular dependence of
switching field measured on maghemite:
Journal of Magnetism and Magnetic
Materials, v. 241, no. 2-3, p. 220-7.
The switching field, H0, required to reverse
the magnetic moment of an elongated single-
domain particle, depends on the angle θ
between applied field and magnetization axis
of the particle, in a way related to the reversal
mode. Data for acicular γ-Fe2O3 recording
particles were obtained for four particle
fractions of differing coercive force. Reversal
is most readily achieved when the field is
applied at low angles to the easy axis, as is
expected when the magnetic moments are
reversing by incoherent rotation of the atomic
spins. Furthermore, it appears that the relative
increase of H0(θ) for high θ is smaller for
particles of higher minimum switching field.

Mineral & Rock Magnetism

Absalyamov, S. S., 2002, The influence of
high pressure and shear load on the
magnetic properties of magnetite: Izvestiya,
Physics of the Solid Earth, v. 38, no. 3, p.
136-8.
The magnetic properties and temperature
dependence of saturation magnetization are
studied from experiments on magnetite and
magnetite powder subjected to shear load at

netite. Some samples exhibited two magnetic
phases and a few a single low-Ti TM phase. A
pilot conventional Thellier palaeointensity
analysis was unsuccessful, mainly due to
thermo-chemical alteration. Far greater success
was achieved (58%) using the microwave
technique. Palaeointensity estimates range
from 3 to 28 µT (mean 11 ± 5 µT), which,
assuming that the remanence is a primary
TRM, indicates a low field intensity (a fifth of
the present day value) in the early Tertiary.

Petrova, G. N., Pilipenko, O. V., Oleinik, O.
V., and Zakharov, V. G., 2002, Paleomag-
netic database of lacustrine deposits
HOLOCENE.MDB: Izvestiya, Physics of the
Solid Earth, v. 38, no. 7, p. 596-600.
A large amount of published data on
Holocene and Late Pleistocene lacustrine
deposits was used to create a paleomagnetic
database file named HOLOCENE.MDB.
Sample spectral studies showed that the
available paleomagnetic time series of
geomagnetic angular elements and relative
paleointensity are suitable for studying the
fine structure of the geomagnetic field.
Results of spectral-temporal and wavelet
analyses will subsequently be used to
discriminate between the available secular
variations having a global nature and
reflecting regional features of the geomag-
netic field.

Riisager, P., Riisager, J., Abrahamsen, N., and
Waagstein, R., 2002, Thellier palaeointen-
sity experiments on Faroes flood basalts:
technical aspects and geomagnetic
implications: Physics of the Earth and
Planetary Interiors, v. 131, no. 2, p. 91-100.
Based on palaeomagnetic and rock magnetic
results, 108 samples from 27 flows were
chosen for whole-rock Thellier experiments.
90 samples were rejected due to either
chemical alterations or MD behaviour
evidenced by pTRM-tails. AF pre-treatment
was used to reduce the effect of MD grains on
Thellier experiments. Only five flows (18
samples) yielded acceptable palaeointensity
estimates, with flow mean VDMs ranging
from 3.5 to 7.4*1022 A m2. Modest selection
criteria imposed on all published 5-160 Ma
palaeointensity data left only 15
palaeomagnetic dipole moments; more data
are needed before the intriguing differences
between results from different materials can be
put into a geomagnetic context.

Magnetic Microscopy and
Spectroscopy

Guskos, N., Papadopoulos, G. J., Likodimos, V.,
Patapis, S., and Yarmis, D., 2002,
Photoacoustic, EPR and electrical
conductivity investigations of three
synthetic mineral pigments: hematite,
goethite and magnetite: Materials Research
Bulletin, v. 37, no. 6, p. 1051-61.
Photoacoustic spectra of hematite and
goethite in the visible region show a single
intense absorption peak centred at 558 and 480
nm, respectively, while for the magnetite a
continuous spectrum of increasing amplitude
with increasing wavelength of the measure-
ment is obtained. EPR spectra for the iron(III)
complexes indicate hematite and goethite have
only one similar EPR line centred at g 2 with
different linewidths, while magnetite has two

high pressure in a Bridgman anvil. The
combined effect of high pressure and shear
deformations leads to an irreversible decrease
in the saturation magnetization of magnetite
and changes its temperature dependence.

Kosterov, A., 2002, Low-temperature
magnetic hysteresis properties of partially
oxidized magnetite: Geophysical Journal
International, v. 149, no. 3, p. 796-804.
One sample, 2-3 µm, displays just surface
oxidation, the bulk of the material remaining
relatively stoichiometric (TV=112 K). The other
sample contains much finer (0.15 µm),
apparently two-phase grains, with a core of
non-stoichiometric magnetite (TV=95 K), and a
superficial layer of pure maghemite. For both
samples hysteresis properties below TV
depend critically on the mode of cooling
through the transition. Common features
include (1) a rapid decrease of Mrs/Ms(T) after
field cooling (FC), compared with the near
constancy of this parameter after zero-field
cooling (ZFC); (2) equally rapid decrease of
Hc(T) after ZFC; (3) a small but significant
difference between Hc(T)

ZFC
 for a demagne-

tized versus a magnetized starting magnetic
state.

Muxworthy, A. R., 2002, Magnetic hysteresis
and rotational hysteresis properties of
hydrothermally grown multidomain
magnetite: Geophysical Journal Interna-
tional, v. 149, no. 3, p. 805-14.
Several of the measured and calculated
parameters, e.g. the coercive force and
rotational hysteresis parameters, display slight
grain-size dependences across the entire range
up to the largest sample (d=108 µm). These
results suggest that there is no clear PSD to
‘true’ MD transition. On comparison of high-
T hysteresis with micromagnetic calculations
there appears to be a change in the dominant
domain-wall pinning mechanism with
temperature. This effect could provide a
possible mechanism for domain wall
reorganization models that have been
developed to explain pTRM cooling
behaviour. The room-T rotational hysteresis
results indicate a very high intrinsic
anisotropy, which could be related to
metastable remanences in MD magnetite.

Nakamura, N., Hirose, T., and Borradaile, G.
J., 2002, Laboratory verification of
submicron magnetite production in
pseudotachylytes: relevance for paleointen-
sity studies: Earth and Planetary Science
Letters, v. 201, no. 1, p. 13-18.
Magnetic hysteresis and SEM studies reveal
that experimental frictional melting of
granites produces dispersed submicron
inclusions of weakly interacting PSD
magnetite, in artificial pseudotachylyte. The
magnetite inclusions are absent in the
undeformed granite protolith and result from
oxidation of Fe in melt-susceptible mafic
minerals during the melt-quenched event. The
pseudotachylytes acquired a stable TRM in
fine-grained PSD magnetites during the rapid
cooling of the melt, implying that fine-grained
magnetite has the potential for paleointensity
determinations of contemporaneous magnetic
fields with co-seismic faulting in granitoids.
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Oufi, O., Cannat, M., and Horen, H., 2002,
Magnetic properties of variably
serpentinized abyssal peridotites: Journal
of Geophysical Research, v. 107, no. B5, p.
EPM3-1-20.
A compilation of new and published data
from seven DSDP and ODP sites shows that
magnetic susceptibility (K) does not increase
linearly with the degree of serpentinization (S).
Instead, K remains modest in partially
serpentinized samples (S < 75%) and then
increases rapidly. Samples with small
effective magnetic grain sizes have a well-
developed serpentine meshwork, outlined by
thin vein-like magnetite concentrations. Most
serpentinized abyssal peridotites have this
well-developed serpentine mesh texture. We
thus propose that high NRM (4-10 A/m on
average) and K (0.07 SI on average) are the
most likely signature for extensively
serpentinized (S > 75%) peridotites in the
oceanic crust. Moderately serpentinized
peridotites (S < 75%) have NRM values <5 A/
m and K < 0.05 SI.

Robinson, P., Harrison, R. J., McEnroe, S. A.,
and Hargraves, R. B., 2002, Lamellar
magnetism in the haematite-ilmenite series
as an explanation for strong remanent
magnetization: Nature, v. 418, no. 6897, p. 517-
20.
Unusually large and stable magnetic
remanence occurs in some slowly-cooled
igneous and metamorphic rocks containing
intergrowths of haematite and ilmenite, with
pervasive exsolution lamellae with thickness
from 100 µm down to about 1 nm (one unit
cell). These rocks, many of which contain only
a few per cent of such oxides, show NRMs up
to 30 A m-1 - too strong to be explained even
by pure haematite in an unsaturated state. We
propose a new ferrimagnetic substructure
created by ferrous-ferric ‘contact layers’ that
reduce charge imbalance along lamellar
contacts between antiferromagnetic haematite
and paramagnetic ilmenite. We estimate that
such a lamellar magnetic material can have a
saturation magnetization up to 55 kA m-1 - 22
times stronger than pure haematite - while
retaining the high coercivity and thermal
properties of single-domain haematite.

Thorpe, A. N., Senftle, F. E., and Grant, J. R.,
2002, Magnetic study of magnetite in the
Tagish Lake meteorite: Meteoritics &
Planetary Science, v. 37, no. 5, p. 763-71.
Hysteresis properties were determined at room
and liquid nitrogen temperatures for three
pieces of the Tagish Lake meteorite, and
compared to similar data for four other
chondrites. The data suggests that the Tagish
Lake meteorite is magnetically homogeneous,
containing about 10% MD magnetite, and is
not as magnetically hard as the comparison
chondrites. Susceptibility measurements from
77 K to room temperature showed a Verwey
transition for all the samples which contain a
significant amount of MD magnetite. The
coercive force data further indicate that the
magnetite grain size is approximately 4-9 µm.

Verma, H. C., and Upadhyay, C., 2002, Thermal
decomposition pattern and particle size
estimation of iron minerals associated with
the Cretaceous-Tertiary boundary at Gubbio:
Meteoritics & Planetary Science, v. 37, no. 7,
p. 901-9.

Mössbauer studies show that iron appears
mainly in two phases, hematite and a
paramagnetic silicate phase. The average
particle size of hematite is estimated to be in the
range of 16 to 27 nm from TEM micrographs
and lack of a Morin transition. The hyperfine
magnetic field at the iron nucleus is somewhat
less than that of bulk hematite, which may be
explained by collective magnetic excitation.
Stepwise heating up to 1000° C shows a
decomposition pattern of the paramagnetic
phase, which suggests it to be a tri-octahedral
layer silicate. The iron-bearing phases found in
the bulk sedimentary K-T boundary material are
different from those found in the spherules
separated from this material indicating that the
redox conditions changed rapidly after the
impact, becoming more oxidizing during the
period these bulk phases were formed.

Modeling and Theory

Dunlop, D. J., 2002, Theory and application of
the Day plot (Mrs/Ms versus Hcr/Hc). 1.
Theoretical curves and tests using titanomag-
netite data: Journal of Geophysical Research,
v. 107, no. B3, p. EPM4-1-4-22.
This paper develops the theory of the Day plot
parameters for MD, MD+SD, PSD, and SP+SD
grains of titanomagnetite (Fe3-xTixO4) with
compositions x=0 (TM0 or magnetite) and x=0.6
(TM60). MD grains have a separate trend that
intersects the curve for SD+MD mixtures.
SP+SD mixtures generate a variety of trends,
depending on the SP grain size. All SP+SD
curves lie much above those for MD or
SD+MD trends. Data for PSD-size magnetites
of many different origins fall along a single
trend, but different levels of internal stress shift
points for similar grain sizes along the “master
curve.” Theoretical model curves for SD+MD
mixtures match the PSD data quite well,
implying that PSD behavior is due to
superimposed independent SD and MD
moments, either in individual or separate
grains, and not to exotic micromagnetic
structures such as vortices. The theory also
matches Mrs and Hc values in mechanical
mixtures of very fine and very coarse grains,
although nonlinear mixing theory is required to
explain some Hcr and Hcr/Hc data.

Dunlop, D. J., 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. EPM5-1-5-15.
New theoretical hysteresis parameter curves
are applied to published data for natural
materials. The predicted MD trend and its
junction with the PSD trend are observed in
two data sets, leading to a suggested new
method for pinpointing the PSD-MD threshold
size. Selected data for pottery clays, soils,
paleosols, lake sediments and marine sediments
generally follow SD+MD type curves.
Remagnetized carbonate rocks, submarine
basaltic glasses, and glassy rims of pillow
basalts all follow predicted SP+SD or SP+PSD
mixing curves, with a large range in volume
fraction of SP grains (0-75%) but a narrow
range of SP particle sizes: 10±2 nm. Oceanic
dolerites, gabbros, and serpentinized
peridotites in some cases fall in a novel region
of the Day plot, parallel to but below magnetite
SD+MD mixing curves.

Shcherbakov, V. P., and Shcherbakova, V. V.,
2002, The paleomagnetic direction determina-
tion: Implications of the domain structure of
ferromagnetic grains in rocks: Izvestiya,
Physics of the Solid Earth, v. 38, no. 5, p. 404-
11.
A collection of 17 natural and two artificial
samples containing grains with different
domain structures (SD, PSD, and MD) was
used for experimental modeling of stepped
thermal demagnetization with the aim of
recognizing possible errors in paleodirection
determinations. A multicomponent TRM (in
most cases, two mutually perpendicular
components) was artificially created in the
samples. The errors ∆Jx and ∆Jy are shown to
be present in component direction determina-
tions from PSD and MD samples; their values
vary from 4° for PSD (nearly SD) samples to
42° for MD samples. A correlation was
established between the error ∆Jx and the
relative value of the pTRM tail characterizing
the domain structure.

Synthesis and Properties of
Magnetic Materials

Li, G. S., Smith, R. L., Jr., Inomata, H., and Arai,
K., 2002, Preparation and magnetization of
hematite nanocrystals with TI Preparation
and magnetization of hematite nanocrystals
with amorphous iron oxide layers by
hydrothermal conditions: Materials Research
Bulletin, v. 37, no. 5, p. 949-55.
Hematite nanocrystals modified with surface
layers of amorphous hydrous iron oxides were
prepared by hydrothermal conditions in the
absence of alkali. The formation temperature
was found to be ca. 130° C. When the
temperature was lower than 130° C, no
product was formed, while above this
temperature, the amount of amorphous
hydrous iron oxides at the surface of hematite
nanocrystals was drastically decreased. The
amorphous layers on the hematite
nanocrystals obtained at 130° C were
determined to be Fe2O3

.
1.64H2O. The

coercivity for the hematite nanocrystals with
modified layers was 0.534 kOe, which is
slightly larger than the values for hematite
nanocrystals with few agglomerations.

Poddar, P., Telem-Shafir, T., Fried, T., and
Markovich, G., 2002, Dipolar interactions in
two- and three-dimensional magnetic
nanoparticle arrays: Physical Review B, v.
66, no. 6, p. 060403/1-4.
Uniform, organically functionalized, 8.5-nm-
diameter nanocrystals of Fe3O4 were
synthesized and assembled into close-packed
monolayer as well as multilayer arrays using
the Langmuir-Blodgett technique. The ac and
dc magnetic susceptibility measurements on
arrays in comparison with isolated particles
indicate strong dipolar interactions and a
spin-glass-like slowing down of relaxation
times. Differences in magnetic characteristics
between monolayer to multilayer arrays were
observed, such as larger remanent magnetiza-
tion and a higher blocking temperature in the
two-dimensional system.
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of error*.  Finally,
enormous practical
difficulties ensue
from the need for
periodic
remeasurement of
national standards
against the unique
prototype.
The artifact

standards themselves
were replacements of the

original “natural” standards of
the metric system: the meter was defined
as 10-7 times the Earth’s meridional
quadrant, and the kilogram as the mass of
10-3 m3 of pure H2O at its maximum-
density temperature (then thought to be
0°C).  The 18th-century uncertainty in the
determination of the quadrant (distance
from the equator to the North Pole, by
way of Paris) was about one part in 104,
roughly ten times the uncertainty in
measuring an “artificial” standard meter,
and by 1799 a platinum bar, the “Meter of
the Archives,” had already become the
new practical definition of the unit of
length.

Note that the original kilogram
definition is based on a separate funda-
mental unit (the meter), and implicitly
defines the density of water (exactly 1000
kg/m3).  When a platinum artifact standard
kilogram was also introduced in 1799, two
separate defining standards were in effect,
and it gradually became apparent that they
were not precisely equal.  Curiously, the
disparity was eventually resolved by
defining a new unit of volume, the liter, as
the volume of one kilogram of pure water
at 3.98°C (the maximum-density
temperature).  This made it possible to
keep the density of water as exactly 1.0
(kg/liter), but the strange consequence
was that the relationship between the liter
and the cubic meter was not set by
definition, and had to be determined
experimentally.  As recently as the mid-
20th century, the best data indicated that a
volume of one liter equalled
1000.028±0.002 cm3.  Finally in 1964 the
liter was redefined as exactly 1 cubic
decimeter, and water density was demoted
from a defining property to an experimen-
tally-determined one.

Like the original kilogram definition,
the most recent redefinition of the meter
(by the 17th CGPM in 1983) is based on a
separate fundamental unit (the second)

and implicitly defines the value of a
physical constant (c): the meter is “the
length of the path traveled by light in
vacuum during a time interval of 1/
299792758 of a second.”  The speed of
light is thus fixed by definition (exactly
299,792,758 m/s); experiments designed to
determine it are actually, in effect,
determining the length of the meter†.

Back to Nature: A New Kilogram
At places like NIST in the US, NPL in

the UK, METAS in Switzerland, and PTB
in Germany, two basic approaches are
currently being investigated for replacing
the artifact standard kilogram with a new
definition based on fundamental physical
constants.  One involves counting atoms;
the other involves electromagnetic force or
energy balancing.  In each case, the goal is
to achieve precision better than one part in
108 (the precision associated with the
current standard).  And in each case, the
strategy is essentially the same as that
underlying the water-density-based
kilogram and the speed-of-light-based
meter: to find some appropriately well-
defined physical or material constant,
assign it an exact value by definition, and
pin the new kilogram, though that value, to
one or more different standard units.

The Avogadro Project is aiming to
make the switch by defining the kilogram
in terms of the mass of an exact number of
silicon atoms.  In 1811 Amadeo Avogadro
proposed his law that all gases, at any
fixed temperature, contain precisely the
same number of particles (atoms or
molecules) per unit volume.  Avogadro’s
number (NA~6x1023), known to all
introductory chemistry students, is
currently defined as the number of 12C
atoms that make exactly 12 g (i.e., it is the
ratio of the gram to the atomic mass unit),
and its value is known with a relative
uncertainty of about 8x10-8 (the 1998
CODATA‡ Recommended Value for
Avogadro's Number is
6.02214199±0.00000047 × 1023). The
approach is to improve the precision of this
number as presently defined (i.e., with
reference to the present kilogram), and
then recast it as an exact number that can
be used to redefine the kilogram, as (for
example) “the mass of 5.01845165 ×
1025 atoms of 12C” (where the number is
1000NA/12).  Such a standard would not
alter with time, and could be more
precisely disseminated.

* The uncertainty in length determinations
based on the Pt-Ir bar was about 1 part in 106.
National standard meters were used to redefine
the U.S. and the British yards as (exactly)
0.91440183 m and 0.9143992 m, respectively,
a difference of about 1.8 µm.  Wavelength-
based measurements improved this precision
by almost two orders of magnitude.

...Standards
continued from p. 1

Meter #27, the
US national
standard from 1890 to
1960.
http://museum.nist.gov/
images/exhibits/37.jpg

Silicon is the material of choice
because it can be used to produce single
crystals of high chemical purity.  For a
sphere of such material, the volume can
be precisely defined by laser interferom-
etry.  The volume associated with each
atom can be calculated from the crystal
lattice spacing, precisely determined by x-
ray interferometry.  Together these suffice
to determine the number of atoms in the
sphere.  The mass of each atom (in amu)
is determined by mass spectrometry (the
average for the sphere depends on the
proportions of isotopes 29 and 30 mixed
with the 28Si).  Thus the mass of the
whole sphere can be determined in atomic
mass units, without reference to the
kilogram standard.  Independent mass
calibration using standards traceable to the
international prototype will give the mass
in kilograms, and together the two mass
determinations will (it is hoped) provide a
new definitive value of NA, in terms of
which the new kilogram standard can be
defined.

A single-crystal silicon sphere,
manufactured in Australia by
CSIRO for the Avogadro Project.

‡ The Committee on Data for Science and
Technology periodically reviews available data
and recalculates values and uncertainties for
physical constants.  The calculations
simultaneously solve for a self-consistent set
of values that best matches experimental data.

† The enormity of a light-year becomes
apparent by noting that the meter is roughly 3.3
light-nanoseconds.

Another atom-counting approach
currently being studied involves accumu-
lation of ionized gold atoms.  Atoms can
be counted by measuring the electrical ion
current and the time involved in accumu-
lating a measurable mass: n=Q/e =
∫I(t)dt/e, where I is current, Q is total
charge, and e is charge per ion.  The key
step in this approach is to quantify current
without reference to the kilogram
prototype. (The formal definition of the
ampere includes force, dimensionally
MLT-2:  it is “that constant current
which, if maintained in two straight
parallel conductors of infinite length,
of negligible circular cross-section,
and placed 1 meter apart in vacuum,
would produce between these conduc-
tors a force equal to 2x10-7 newton per
meter of length.”).  In practice, electrical
standards are maintained not through the
ampere but through the volt and the ohm;
current is determined by measuring a
voltage drop V across a resistance R.

At this point, quantum physics enters
the picture - artifact standards for the
ohm and the volt were replaced in 1990
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Avogadro, Amedeo

b. Aug 9, 1776, Turin (Torino)
d. July 9, 1856, Turin

Avogardo earned a doctorate in ecclesiastical law
in 1796, and while practicing that profession he
began studying physics and mathematics.  By 1806
he was teaching at the Turin Academy of
Sciences, and doing research in electricity.  In 1820
he became the first chair of mathematical physics
at the University of Turin.  In 1811 he formulated
his famous law, and combined it with Gay-Lussac’s
law of fixed proportions to deduce the mono-, di-
or tri-atomic nature of various common gases,
correctly identifying the compositions of carbon
dioxide, hydrogen sulfide and others.  His ideas,
however, did not gain wide acceptance until after
his death.

by quantum mechanical standards.
Microelectronic devices based on the
quantum Hall effect measure the
quantized Hall resistance, equated by
theory to h/n1e

2, which involves an integer
and two fundamental constants, h
(Planck’s constant) and e (elementary
charge).  Voltage, determined via the
Josephson effect, is related to the same
two constants and to f, the frequency of
the ac Josephson current: V=n2fh/2e.  The
current (V/R) is thus n1n2ef/2, and n=
∫I(t)dt/e= n1n2∫f(t)dt.  The total mass of
gold deposited is thereby determined, in
atomic mass units, and as in the silicon
approach, a separate conventional
determination of mass in terms of the
prototype kilogram enables calculation of
the ratio of the kg to the amu, and
ultimately enables the latter to define the
new standard of mass.

The second basic approach to
redefining the kilogram is based on the
equivalence of mechanical and electrical
power.  This equivalence is measured by a
device known as a Watt balance, in two
steps.  First, the gravitational force on a
conventional mass m (F=mg) is balanced
by a magnetic force acting on a current I
flowing through a coil in an applied field
gradient (F=-IdΦ/dx). I is again deter-
mined by measuring the voltage drop V1
across a resistance R, via the Josephson

and quantum Hall effects; the flux
gradient (which depends on the experi-
mental setup details) is determined in the
second step of the experiment.  The coil is
moved through the applied field gradient at
a small velocity v=dx/dt controlled by a
secondary coil apparatus on the opposite
side of the balance.  The resulting emf is
V2= dΦ/dt=vdΦ/dx, with v and V2
determined by interferometry and the
Josephson effect.  The gradient term can
thus be eliminated from the force balance:
F=mg=-V1V2/(Rv), and minor rearrange-
ment gives Fv=-V1V2/R.  Here both sides
of the equation have units of power (the
reason for the name Watt balance); the
left-hand side is mechanical power, related
to the standard kilogram (as well as the
meter and the second), and the right-hand
side is electrical power, in terms of
Planck’s constant and a Josephson
frequency.  The best determination of
Planck’s constant in terms of the present
kilogram has a relative uncertainty of
about 8x10-8.  Ongoing work at NIST and
elsewhere is attempting to improve this
precision by another order of magnitude,
whereupon a new definition of the
kilogram could be based on h.  Precisely
the same measurements would then
quantify mass in term of Planck’s
constant, rather than the reverse.

A related approach, being investigated
at the NRLM in Japan, uses levitation of a
superconducting body by a superconduct-
ing magnet.

In a sense, we have come full circle.
Gauss first showed in the 1830’s that
electromagnetic quantities could be
defined in terms of the fundamental units
of mechanics (mass, length and time).  He
no doubt realized that the reverse was also
true - that mechanical units could be
defined in terms of electromagnetic ones -
but there would have seemed little point in
doing so at the time. It was not until the
beginning of the 20th century that Giorgi
suggested inclusion of an electromagnetic
unit in the fundamental group, and not until
1960 that the ampere was formally
accorded the status of a fundamental SI
unit.  That same year the meter was
redefined in terms of an electromagnetic
invariant.  Electromagnetic methods and

quantum constants will almost certainly
also be essential to the next definition of
the kilogram.

In a future issue of the Quarterly we
will explore some of the issues involved in
the somewhat less demanding challenge of
establishing and maintaining a set of rock-
magnetic material standards for
interlaboratory calibration.  The recent
study led by Pierre Rochette and
Leonardo Sagnotti has underlined the need
for both further interlab calibration work
and suitable standards.  Stay tuned.

For More Information...

Units, Constants, Standards, Metrology
Klein, H. A., The Science of Measurement: A

Historical Survey, Dover, New York, 1974.
Mohr, P. J., and B. N. Taylor, Adjusting the

Values of the Fundamental Constants,
Physics Today, 54(3), 29-, 2001.

Nelson, R. A., The International System of
Units: Its History and Use in Science and
Industry, http://www.aticourses.com/
international_system_units.html

Standards and Metrology Organizations
http://www.bipm.fr/
http://www.npl.co.uk/
http://nist.gov/
http://www.nrlm.go.jp/
http://www.ptb.de/index.html
http://physics.nist.gov/cuu/Units/index.html
http://www.nrlm.go.jp/topics/topic03.html

New Kilogram Overview
http://www.npl.co.uk/mass/faqs/kilogram.html

The Avogadro Project
http://www.npl.co.uk/mass/avogadro.html/
http://physics.nist.gov/Divisions/Div842/Gp5/
crystalc.html
http://www.ptb.de/en/suche/_index.html

Gold Ion Accumulation
http://www.ptb.de/en/org/1/11/111/
ionenex.htm/

The Watt Balance
http://museum.nist.gov/exhibits/timeline/
printerFriendly.cfm?itemId=32
http://www.npl.co.uk/quantum/qtm/fund.html
http://www-optics.unine.ch/research/
metrology/Watt_balance/Watt_balance.html

The METAS Watt balance
http://www-optics.unine.ch/research/metrology/Watt_balance/Watt_balance.html

In its first century, the
international prototype
kilogram was brought
out three times for
comparison with
various national
prototypes; changes of
up to 50 ppb show
differential mass
accretion or loss.
http://www.bipm.fr/img/
ptsection/mass15.gif
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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
Banerjee, Professor/Director; Bruce
Moskowitz, Professor/Associate
Director; Jim Marvin, Senior Scientist;
Mike Jackson, Senior Scientist and
Facility Manager, and Peat Sølheid,
Scientist.

Funding for the IRM is provided by
the National Science Foundation, the
W. M. Keck Foundation, and the
University of Minnesota.

The IRM Quarterly is published four
times a year by the staff of the IRM. If
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