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tection of superparamagnetic
grains—are also susceptible [sorry!]
to analysis with this piece of equip-
ment.

How?
The LakeShore performs these

feats by producing curves either of
susceptibility vs. frequency, or of
susceptibility vs. temperature.

When the instrument is used in its
frequency-sweep mode, certain de-
creases of the in-phase component of
susceptibility with increasing fre-
quency are often indicators of the
presence of superparamagnetic mate-
rial. Likewise, a non-zero out-of-
phase component indicates the pres-
ence of grains near the superpara-
magnetic/single-domain boundary.

When the machine is run in its
temperature-sweep mode, various
magnetic transitions appear in the
susceptibility curves as either spikes
(Verwey transition in magnetite,
near 120 K) or steps (Morin transi-
tion in hematite, near 263 K). Sub-
ambient Curie temperatures can also
be determined, because the suscepti-
bility drops to zero above the Curie
point.

Principles of Operation
The LakeShore has an electro-

magnet which produces a small AC
magnetic field. The frequency of this
field can be varied between 10 Hz
and 10,000 Hz. The magnitude of
the field is usually 80 A m–1 (1 Oe),
but can be boosted up to 800 A m–1

(10 Oe) for weak samples. The sys-
tem is cooled down to 15 K by a
cryo-pump (which is really just a
very good refrigerator—and since no
liquid nitrogen or helium is used, the
machine is economical to run); heat-
ers then bring the temperature up to
anything under about 300 K. Pick-up
coils detect the sample’s response to
the applied field, both in-phase and
out-of-phase, and even at higher
harmonics of the driving frequency.
The sample is automatically shuttled

Lakeshore Lure: Come on—it’s a little sight (site?) gag! And Pictured Rocks National Lakeshore, along Lake Superior in
the beautiful Upper Peninsula of Michigan, is more photogenic than the IRM’s new susceptibility instrument anyway.
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THE LAKESHORE

After several months of learning
to use the system, tinkering with the
hardware, and modifying the soft-
ware, we now have our new Lake-
Shore Cryotronics Model 7130 AC
Susceptometer up and running. The
primary use of this instrument is to
measure low-field magnetic suscepti-
bility as a function both of frequency
and of low temperature.

Applications
In addition, the LakeShore can be

utilized in a wide range of studies.
Fundamental rock magnetic proper-
ties, such as Curie temperatures and
phase transitions, can easily be de-
termined or characterized. The ma-
chine will yield magnetic informa-
tion for materials science, and results
can aid in magnetic mineralogy
identification. Magnetic granulo-
metry studies—particularly the de-

LakeShore Lore:
Much is in Store
Chris Hunt
IRM

This article is the first in a new series
to explain the use of—and how to
use—some of the pieces of equipment
that have added significantly to the
capabilities of the IRM during the last
year. As was our aim with the previous
articles, we hope both to remove some
of the mystique that surrounds these
latest arrivals, and to foster ideas for
novel experiments afforded by their
existence. This time, it’s the LakeShore
AC Susceptometer:



2

Visiting Fellows’ Reports
This spring, Bob Butler came up

from Tucson to see how many wasp-
waisted loops he could measure in a

long weekend. Pavel Sroubek came
down from Houghton to check cave
sediments from his Czech-ered (!)

past for unusual rock-magnetic prop-
erties. Below is a summary of work
done by these Fellows at the IRM:

VF Reports continued on page 5…

Rock-Magnetic Study of
Czech Cave Sediments

At Michigan Tech we are studying
Quaternary clastic sediments depos-
ited in the interior of caves in the
Moravian Karst in the Czech Repub-
lic. Our study has several focuses.
We want to determine the magnetic
mineralogy of the sediments and test
their suitability as recorders of paleo-
secular variation. We also want to
analyze variations in mineral mag-
netic properties and recognize pos-
sible correlation with human activity
(e.g., forest clearance) influencing
the catchment. Our study is thus
very similar to those conducted on
lake sediments.

Prior to my visit to the IRM we
measured the direction of character-
istic remanence, magnetic suscepti-
bility, and several parameters char-
acterizing the magnetic mineralogy
and grain size (ARM/Ms, S ratio,

Pavel Sroubek
Michigan Tech-
nological Univer-
sity

HIRM, Lowrie-Fuller test). We en-
countered several problems, such as
a weak NRM which the spinner
could not handle, and an inconclu-
sive modified Lowrie-Fuller test.

I came to the IRM to measure the
characteristic remanence on the
Superconducting Rock Magnetom-
eter (SRM), to determine the mag-
netic mineralogy using Mössbauer
spectrometry, and to measure the
hysteresis parameters indicative of
the domain state on the MicroMag.

After Chris Hunt showed me how
to use the instruments, I started
“playing around.” I tried to transform
the output data from the SRM to a
format legible for my program (and, I
might have been transforming still
today if Christoph Geiss hadn’t
been around), I wondered why the
direction of stable remanence on my
Zijderveld plots was offset from the
origin (demagnetizing all the way to
100 mT helped a lot—thanks for the
idea, Weiwei Sun), and I wondered

if I saw a PSV curve from my data or
not (I do not know that yet). After
getting more confident with my data
(and mostly realizing that I still have
so many samples to measure), I
started working faster. Being able to
totally demagnetize and measure
three samples in less than an hour
was quite a new experience for me, a
former spinner user.

So what did I find out? AF demag-
netization of 30 samples from a 2-m
profile in Holstejn Cave yields the
following results. A stable compo-
nent of remanence is very well de-
fined (low mean angular deviation).
The difference in inclination mea-
sured on samples from the same
stratigraphic horizon is about 2° or
3° (some oddballs were present), and
declination does almost as well as
inclination. However, this stable
component does not always head to
the origin, and after demagnetizing
at 100 mT, usually 10% to 20% of

Rock-Magnetic Con-
straints on Remagnetized
Paleozoic Carbonates

Bob Butler
University of Ari-
zona

After refamiliarizing myself with
the MicroMag instrument, I man-
aged to determine hysteresis param-
eters for over 100 limestone and
cherty limestone samples from the
Alexander terrane of southeast
Alaska.

Paleomagnetic data from the
Peratrovich formation indicate that
this formation was remagnetized,
probably in the Permian. Prelimi-
nary hysteresis loops, collected ear-
lier by Chad McCabe and me, indi-
cated that Peratrovich samples ex-
hibit “wasp-waisted” shapes with
anomalous high values of Hcr/Hc and
Mrs/Ms. These rock-magnetic param-
eters closely match those obtained
from remagnetized Appalachian
carbonates, and conform to the “fin-
gerprint” of hysteresis properties
which appears to be diagnostic of
chemically remagnetized carbonate
rocks. One objective of the current
visit was to more fully document

these hysteresis parameters by ex-
amination of a larger set of Peratro-
vich samples. Detailed hysteresis
measurements completed during this
visit to the IRM indicate that Pera-
trovich samples from geographically
and stratigraphically distributed sites
do indeed exhibit “wasp-waisted”
shapes with high Hcr/Hc and Mrs/Ms
values.

This visit to IRM also allowed
detailed hysteresis measurements on
samples from the Wadleigh forma-
tion of the Alexander terrane. Fold
test results from the Wadleigh for-
mation have been somewhat am-
biguous, but recently acquired results
from a conglomerate test do seem to
indicate remagnetization of this De-
vonian limestone. I was able to ob-
tain hysteresis data from over 40
Wadleigh samples distributed
throughout the stratigraphic and
geographic range of the formation.
Although the ferromagnetic content
of the Wadleigh limestones is low,
and the hysteresis data are some-
times noisy, careful measurements do
reveal constricted hysteresis loops
with high Hcr/Hc and Mrs/Ms values,
similar to those from the Peratrovich

formation and other remagnetized
carbonates.

For both the Peratrovich and the
Wadleigh formations, the character-
istic component (ChRM) of the
natural remanence (NRM) has un-
blocking temperatures (Tub) in the
range 300°C < Tub < 500°C. A low
unblocking temperature component
of the NRM (Tub < 250°C) has di-
rections indistinguishable from the
present geomagnetic field direction
in the sampling region, and is inter-
preted as a present-field viscous re-
manent magnetization (VRM).
Upon returning to Arizona, I will
attempt to determined whether, on a
site-by-site basis, the hysteresis pa-
rameters correlate with the relative
magnitudes of the ChRM and the
VRM components.

I want to thank Chris Hunt for
unselfishly spending a Saturday
morning getting me up to speed on
the new MicroMag software, and
later getting my data transferred to
floppy disk for subsequent analysis.
His contribution to my successful
visit to the IRM is gratefully ac-
knowledged.

ˇ

ˇ

ˇ
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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 fea-
ture of the IRM Quarterly. Articles
published in familiar geology and geo-
physics journals are included; special
emphasis is given to current articles
from physics, chemistry, and materials
science journals. Most abstracts are
culled from INSPEC (© Institution of
Electrical Engineers), Geophysical
Abstracts in Press (© American Geo-
physical Union), and The Earth and
Planetary Express (© Elsevier Science
Publishers, B.V.), after which they are
edited for this newsletter. An extensive
reference list of articles—primarily
about rock magnetism, the physics and
chemistry of magnetism, and some pa-
leomagnetism—is continually updated
at the IRM. This list, with nearly 2200
references, is available free of charge.
Your contributions both to the list and
to the Abstracts section of the IRM
Quarterly are always welcome.

Title page from Hans Christian Ørsted’s Experiments on
the Effect of a Current of Electricity on the Magnetic

Needle, 1820.

AMS

Pfleiderer, S., and H. C. Halls
Magnetic pore fabric analysis: a
rapid method for estimating perme-
ability anisotropy, Geophys. J. Int.,
116, 39-45, 1994.
A comparison of AMS-derived pore fab-
ric with directly-measured permeability
anisotropy in sandstones of moderate di-
agenetic state showed that the orienta-
tion of the two tensors and their repre-
sentation ellipsoids correlated closely, al-
though the axial ratios of the two anisot-
ropy ellipsoids revealed only a trend of
proportionality. Magnetic pore fabric
analysis might thus provide a rapid way
to estimate the orientation, and to a
lesser extent the degree, of permeability
anisotropy.

Richter, C., and B. A. van der
Pluijm
Separation of paramagnetic and fer-
rimagnetic susceptibilities using
low temperature magnetic suscepti-
bilities and comparison with high
field methods, Phys. Earth Planet. In-
ter., 82, 111-121, 1994.
A comparative study showed that the
relative contribution of ferrimagnetic and
paramagnetic minerals to the total sus-
ceptibility could usually be estimated
with the same precision from both field-
dependence and low-temperature meth-
ods. However, the low-temperature tech-
nique was preferable since it required
only simple equipment and procedures,
and could be extended to the three-di-
mensional case to decompose the total
susceptibility tensor into its paramagnetic
and ferrimagnetic sub-tensors.

Stephenson, A.
Distribution anisotropy: two simple
models for magnetic lineation and
foliation, Phys. Earth Planet. Inter.,
82, 49-53, 1994.
Two simple models involving either lines
or planes of interacting spherical particles
were used to show that non-uniform dis-
tributions of spherical particles could give
rise to large anisotropies. Using the mod-
els, the separation between particles
within a line (or plane) could be found
directly from the measured anisotropy of
susceptibility. If the average susceptibility
were also to be measured, the separation
between lines (or planes) of particles
could, in principle, be determined.

Anomalies

Cohen, Y., and J. Achache
Contribution of induced and rema-
nent magnetization to long-wave-
length oceanic magnetic anomalies,
J. Geophys. Res., in press, 1994.
A model of marine magnetic anoma-
lies—which included the effects of oce-
anic crustal thickness on susceptibility,
and of remanence acquired during the
Cretaceous Long Normal period—was
shown to contribute significantly to the
MAGSAT field. Since the model dis-
played remarkable similarity to observed
MAGSAT data, this comparison con-
strained both induced and remanent
magnetization of the oceanic lithosphere.

Chemistry

Dinov, K., et al.
Solubility of magnetite in high tem-
perature water and an approach to
generalized solubility computations,
J. Nucl. Mater., 207, 266-273, 1993.
When magnetite solubility in pure water
was measured at 423 K, fairly good agree-
ment was found between the experimen-
tal data and the calculation results ob-
tained from a thermodynamic reaction
model of Fe3O4 dissolution and Fe2O3
deposition. A generalized thermody-
namic approach was proposed for the
solubility computations under various re-
dox conditions on the basis of minimiza-
tion of the system’s Gibbs free energy.

Hirt, A. M., A. Banin, and A. U.
Gehring
Thermal generation of ferromag-
netic minerals from iron-enriched
smectites, Geophys. J. Int., 115,
1161-1168, 1993.
To test the theory that fluid migration
through deforming rocks caused remag-
netization of orogenic belts, a laboratory
remagnetization study was conducted in
which iron was adsorbed onto smectite
surfaces. Thermal experiments showed
that surface-induced processes could lead
to the formation of new magnetic miner-
als under conditions characteristic of
low-grade metamorphism.

Sholpo, L. Y., A. K. Gapeev, and G.
P. Borisova
Influence of grain size of titano-
magnetite on course of its oxidation
and magnetization processes with
temperature increase, Izv. Akad.
Nauk SSSR Ser. Fiz. Zemli (Phys.
Solid Earth), 29, 795-801 (in Engl.
transl.), 1992.
The results of experimental research on
the acquisition of chemical magnetiza-
tion in titanomagnetite-bearing rocks
suggested that there was considerable in-
fluence of the initial titanomagnetite
grain size on the courses both of single-
phase oxidation and of decay to other
phases during heating.
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Imaging

Haag, M., and R. Allenspach
A novel approach to domain imag-
ing in natural Fe/Ti oxides by spin-
polarized scanning electron micros-
copy, Geophys. Res. Lett., 20, 1943-
1946, 1993.
Spin-polarized scanning electron micros-
copy—a technique that can map domain
patterns on a submicron scale while com-
pletely differentiating information on
magnetism and morphology—was dem-
onstrated by identifying the domain con-
figuration in a natural ore grain. The ap-
proach was compared to existing domain-
imaging techniques, and the potential of
this method was discussed for obtaining
detailed insight into microscopic rock-
magnetic processes.

Wang, Y.-G., D.-H. Ping, and J.-G.
Guo
High-resolution transmission-elec-
tron-microscopy observation of the
ultra-fine structure of natural mag-
netite, J. Appl. Crystallogr., 27, 96-
102, 1994.
High-resolution TEM diffraction patterns
of natural magnetite showed lattice
modulations which corresponded to the
intergrowth of wüstite in the magnetite
matrix. Basal and non-basal domains,
which resulted from the random distribu-
tion of Fe atoms during the initial stage
of nucleation of magnetite during the
geological aging of wüstite, were also re-
vealed in the structural images, and were
discussed in terms of the structure of
magnetite.

Loess and Paleoclimate

Evans, M. E., and F. Heller
Magnetic enhancement and palaeo-
climate: study of a loess/palaeosol
couplet across the loess plateau of
China, Geophys. J. Int., 117, 257-
264, 1994.
A magnetic study of a prominent loess-
soil couplet was conducted at three
widely separated sites where present-day
mean annual rainfall and temperature
vary. Results suggested that magnetic en-
hancement was caused by in situ pedo-
genic formation of magnetite, which was
interpreted to consist of two separate
forms of bacterial magnetofossils. The
most magnetic sample required a mass
fraction of about half of one per cent of
this biogenic material.

Eyre, J. K., and J. Shaw
Magnetic enhancement of Chinese
loess—the role of γFe2O3?, Geo-
phys. J. Int., 117, 265-271, 1994.
Results of a magnetic study of loess indi-
cated that both the particular grain size
of the enhanced ferrimagnetic fraction
(which spanned the SD/SP boundary)
and its thermomagnetic reversibility
could be explained by size-induced phase
transitions in Fe2O3 that favored maghe-
mite for certain grain sizes. Thus, the pro-
duction of Fe2O3 that spanned this grain-
size range was the only requirement for
magnetic enhancement in the loess.

Paleomagnetism

Courtillot, V., J. Besse, and H.
Théveniaut
North American Jurassic apparent
polar wander: the answer from
other continents?, Phys. Earth
Planet. Inter., 82, 85-102, 1994.
The consistency of synthetic APWPs for
North America, based on data from other
Atlantic-bordering continents, suggested
that these paths offered more reliable es-
timates of Jurassic North American pa-
leogeography and polar wander than did
the self-contradictory APWPs derived
from North American data—that is, from
rocks which have often been partially
remagnetized or tectonically rotated.

Remanences

Hallam, D. F., and B. A. Maher
A record of reversed polarity car-
ried by the iron sulphide greigite in
British Early Pleistocene sedi-
ments, Earth Planet. Sci. Lett., 121,
71-80, 1994.
Paleomagnetic and X-ray analysis of es-
tuarine clays revealed that the iron sul-
fide greigite carried a primary reversed
polarity record as a chemical remanence.
This remanence had been acquired dur-
ing syndepositional reduction of iron via
the decomposition of organic material.
Subsequently, oxidation of the margins of
the clay altered the greigite to a new ma-
terial which carried a later, scattered,
low-intensity, normal overprint.

Xu, W.-X., R. Van der Voo, and D.
R. Peacor
Are magnetite spherules capable of
carrying stable magnetizations?,
Geophys. Res. Lett., 21, 517-520,
1994.
Electron microscope observations and
magnetic data divided individual
spherules extracted from Paleozoic lime-
stones into two categories of surface tex-
tures (patterned and smooth), which cor-
related with different hysteresis param-
eters (MD and PSD/MD, respectively).
The first group was unlikely to have car-
ried stable ancient remanences, but the
second, less abundant group might have
done so.

Reversals

Bogue, S. W., and H. A. Paul
Distinctive field behavior following
geomagnetic reversals, Geophys.
Res. Lett., 20, 2399-2402, 1993.
Results of a comparative study of geo-
magnetic reversals in Hawaii and Oregon
suggested that, while the stability of a
newly established dipole may vary signifi-
cantly from one reversal to the next, a
strong dipolar field and ordinary direc-
tional dispersion may be systematic fea-
tures of the post-transitional geodynamo.

Merrill, R. T., and P. L. McFadden
Geomagnetic field stability: reversal
events and excursions, Earth Planet.
Sci. Lett., 121, 57-69, 1994.
The suggestion that the Brunhés con-
tained several reversed subchrons implied
that the reversed polarity state was less
stable than the normal state during this
time period. But an examination of the
latest polarity reversal timescale con-
firmed that there was no reason to reject
the hypothesis of a common stability for
the two polarity states.

Oppenheimer, M. J., J. D. A. Piper,
and T. C. Rolph
A palaeointensity study of Lower
Carboniferous transitional geomag-
netic field directions: the Cocker-
mouth lavas, northern England,
Phys. Earth Planet. Inter., 82, 65-74,
1994.
Paleomagnetic and paleointensity results
of a study of a thin succession of lavas
(ca. 355 Ma), which recorded both nor-
mal and transitional field directions, re-
vealed that Paleozoic field inversions
were, like Recent examples, characterized
by a general decline in the intensity of
the field.

Quidelleur, X., and J.-P. Valet
Paleomagnetic records of excur-
sions and reversals: possible biases
caused by magnetization artefacts,
Phys. Earth Planet. Inter., 82, 27-47,
1994.
Analysis of sedimentary and volcanic
records of six excursions showed no pref-
erence for longitudinal sectors, suggesting
that observations of two preferred sectors
of longitude were artifacts possibly linked
to the acquisition of magnetization in
sediments. It was shown that a shallow-
ing of inclinations close to the horizontal
plane, induced by the dominance of grav-
ity forces in the presence of a very weak
field, was compatible with these observa-
tions.
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…VF Reports continued from page 2

remanence remains. Thermal de-
magnetization indicates the presence
of Fe2O3. The results from Möss-
bauer spectroscopy must still be in-
terpreted. (If only I could find my
Mössbauer results, Peat Solheid
would definitely help me interpret
them….) Hysteresis parameters (6
samples) indicate PSD magnetite.

The other section I worked on was
sandy silt from Spirálka Cave. The
section is 2 m high, and the central
part is 200–400 years old (14C date
from charcoal, measured at Charles
University, Czech Republic). The 30
samples measured from this profile
are an order of magnitude weaker
than the Holstejn silts (NRM on the
order of 10–3 A m–1), resulting in
noisier Zijderveld plots. The stable
component of remanence in samples
from the same horizontal level (at
least in the lower part of the section)
have similar inclinations; this can-
not be said about the declinations.
The waveform (if there is any) has
yet to be plotted. Mössbauer spec-
troscopy on one magnetic separate
indicates about 92% magnetite and
8% maghemite. Hysteresis param-
eters for 24 samples indicate grain
sizes on the PSD/MD boundary.
However, measurements of the
change of SIRM at low temperature
indicated SP grains. The Verwey
transition characteristic of magnetite
was not apparent. The Mössbauer
spectrum measured on a separate
from this sample is running as I am
typing.

Well, that is about it. Now I have
to sit down, look to see if I can find
any PSV waveform which I could
correlate with other records, think
about why the high coercivity com-
ponent occasionally has a different
direction than the component de-
magnetized by the 100 mT field, and
muse on what further measurements
I could do.

I am very grateful to all who
enabled me to accomplish the visit,
especially my advisor Jimmy Diehl,
and Chris Hunt. Thanks to all for
showing me how to operate the
instruments, and for helping conduct
and interpret the experiments. I was
glad I could discuss the research
problems, and sit in on the rock-
magnetic lectures (actually they
looked more like discussions to me,
which I liked a lot). Once again,
thanks to everyone who created a
pleasant atmosphere. Also, the
coincidence of meeting three other
Czechs at the IRM was a pleasant
surprise, and gave me new ideas.

Yang, S., J. Shaw, and Q.-Y. Wei
Tracking a non-dipole geomagnetic
anomaly using new arhaeointensity
results from north-east China, Geo-
phys. J. Int., 115, 1189-1196, 1993.
Ceramics and other samples, with ages
ranging from 1000 to 7000 years, were in-
vestigated using a modified version of the
Shaw paleointensity technique. A secular
variation curve obtained from this study
was quite consistent with previous results
from other areas of China, as well as with
a global model. Comparison of the Chi-
nese results with contemporaneous re-
sults from Greece tracked the movement
of a large non-dipole anomaly as it drifted
westwards.

Techniques

Borradaile, G. J.
Low-temperature demagnetization
and ice-pressure demagnetization in
magnetite and haematite, Geophys.
J. Int., 116, 571-584, 1994.
Low-temperature demagnetization (LTD)
effectively removed soft components of
remanence in magnetite-bearing speci-
mens, but was inconsistent with respect
to hematite-borne remanences. Samples
that contained moisture showed greater
reductions in remanence after LTD; this
reduction was attributed to ice-pressure
demagnetization due to the effects of
pore-ice stress. It was therefore recom-
mended that LTD be performed only in
dry specimens in which remanence is car-
ried by magnetite.

Donchenko, V. V.
Technique for determination of
sampling structure by studying
paleosecular variations of a geomag-
netic field, Russ. Geol. Geophys.
(transl. of Geol. Geof.), 34, 114-120
(118-125 in orig.), 1993.
A technique was described for determin-
ing the optimal number of specimens at
sampling levels for a given volume of col-
lection. Two parameters, which were
necessary for the calculations, could be
estimated from earlier investigations or
reconnaissance surveys. Using the given
curves, the optimal number of sampling
levels and the number of specimens on
them could be approximated.

Watson, G. S.
The fold test in paleomagnetism as
a parameter estimation problem,
Geophys. Res. Lett., 20, 2135-2137,
1993.
After deciding that the fold test should
probably be considered as a parameter es-
timation problem rather than as a signifi-
cance problem, the author used a Monte
Carlo simulation technique to estimate
the amount of tectonic tilting at the time
of magnetization along with a 95% confi-
dence interval, making the usual assump-
tion that the distribution of remanence
vectors was originally roughly parallel.

Rock Magnetism

Dunlop, D. J., and Ö. Özdemir
Thermal demagnetization of VRM
and pTRM of single domain mag-
netite: no evidence for anomalously
high unblocking temperatures,
Geophys. Res. Lett., 20, 1939-1942,
1993.
Analysis of stepwise thermal demagneti-
zation of VRM and partial TRM in sin-
gle-domain magnetite revealed only mi-
nor deviations from the predictions of
Néel theory. The maximum unblocking
temperatures (Tub) observed were exactly
as predicted by the theory of Pullaiah et
al. (1975); no evidence was found for
anomalously high Tubs of VRM.

Özdemir, Ö., and D. J. Dunlop
Magnetic domain structures on a
natural single crystal of magnetite,
Geophys. Res. Lett., 20, 1835-1838,
1993.
Well-defined, generally simple domain
structures were observed on a 3-mm octa-
hedral crystal of magnetite sectioned par-
allel to a (110) crystallographic plane. A
regular and array of closure domains was
seen at free surfaces. From the measured
correlation between the width of a do-
main and its length, estimates were ob-
tained for the domain wall energy and for
the exchange constant in magnetite.

Xu, S., D. J. Dunlop, and A. J.
Newell
Micromagnetic modeling of two-di-
mensional domain structures in
magnetite, J. Geophys. Res., in press,
1994.
In a micromagnetic model of domain
structures for l-µm and 5-µm cubes of
magnetite, domain structures were rela-
tively simple compared to earlier calcula-
tions. The magnetization directions in
closure domains were found to be deter-
mined largely by magnetostatic energy,
rather than by magnetocrystalline anisot-
ropy. The number of body domains was
smaller than in previous models, but was
similar to that observed in magnetite
grains.

Secular Variation

Hyodo, M., C. Itota, and K. Yaskawa
Geomagnetic secular variation re-
constructed from magnetizations of
wide-diameter cores of Holocene
sediments in Japan, J. Geomagn.
Geoelectr., 45, 669-696, 1993.
Analysis of seven wide-diameter (20 cm)
cores of marine and lacustrine sediment
produced a record of the secular variation
of the geomagnetic field for the last
11,000 years which suggested a stationary
non-dipole source. The secular variation
records from five northern hemisphere
sites tracked the westward drift of a fea-
ture which was probably caused by a large
non-dipole source.

ˇ
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Initial Inter-Laboratory
Calibration Effort: a Les-
son in Trial and Error?
Ian Snowball
Lund University
Chris Hunt
Bruce Moskowitz
IRM

Because rock-magnetic and paleo-
magnetic labs do not regularly trade
standard samples, about 20 laboratories
around the world were invited to par-
ticipate in a cross-calibration study this
winter. We present here the results, as
well as solutions to some of the prob-
lems encountered (complete with a quiz
at the end!).

INTRODUCTION

The measurement of standards
supplied by international standard
commissions has long been common
practice in many scientific fields.
This insures both that equipment
can be calibrated accurately, and
that all results will be directly com-
parable. Such a practice provides the
radiocarbon community with consis-
tent results from lab to lab.

But a quick glimpse at the litera-
ture dealing with rock-magnetic
properties reveals that no such
scheme has been followed. As a re-
sult, consistency is notably lacking
in our discipline. Labs frequently
adopt their own terminology, which
means that, even when these terms
are provided in appendices, it is of-
ten difficult to compare results from
other labs with one’s own values. To
make matters worse, sometimes no
units are provided, and there is a
practice of normalizing data to an
initial value, with no effort made to
present specific numbers.

On the one hand, there have been
understandable reasons for these
unstandardized procedures and asso-
ciated complications. To begin with,

the wide application of magnetic
methods is relatively new (outside of
physics), and many measurements
are undertaken by people lacking
formal training in physics. (It is,
after all, hard to comprehend a
quantity which has units of meters-
cubed per kilogram!) Further com-
plications arise in the replacement of
cgs units with the SI system, and also
in the vast number of abbreviations
and alternatives that are available to
denote magnetic parameters. And
genuine inaccuracy can stem from
measurements made by those who
place implicit trust in the standards
supplied by manufacturers, because
such standards are not necessarily
correct: they rarely lie in the same
range as natural samples, and they
also may deteriorate over time.

So, what are we to do to correct
these problems? That question led to
a cross-calibration study this winter.

CALIBRATION EXERCISE

Trial
In November 1993, Ian Snowball

from Lund University coordinated a
cross-calibration exercise. Twenty-
two nearly identical natural samples
of unknown magnetic concentration
were sent to 22 established labs in
order to make room-temperature
measurements of both low-field mag-
netic susceptibility and saturation
isothermal magnetization (induced
in µoH = 1.0 T). The samples were
made from a late-glacial lake sedi-
ment of low organic content and
homogeneous ferrimagnetic (magne-
tite) concentration, and were sup-
plied in a sealed plastic cube (rough-
ly 8 cm3) commonly used in rock-
magnetic and paleomagnetic labs.
The specimen was a compacted pow-
der of known mass, but, in practical
terms, of unknown volume. The labs
were asked to measure the sample,
specify the equipment used, and

provide the results in both the units
they normally used and in a particu-
lar mass-specific set of units as a
conversion test. All samples were re-
measured at Lund after their return.

Results
Replies were received from over

half of the laboratories invited to
take part. The table below summa-
rizes the results in terms of the units
specified. In most cases, the measure-
ments show a fairly good agreement
among the different laboratories,
despite the wide range of equipment
used (pulse magnetizers, electromag-
nets, SQUID and spinner magne-
tometers, AC susceptibility bridges
employing different frequencies,
etc.). The range of differences be-
tween Lund and a given lab was
within about 3% for susceptibility,
and about 5% for SIRM. This was
probably because a wide range of
equipment was used to impart and
measure the remanences, while only
a Bartington or a Kappa bridge was
used to measure susceptibilities in all
but one case.

Errors
Most labs had no calculation er-

rors, but a number had problems.
Several caught their own obvious
errors and sent back corrected val-
ues, but others did not notice their
mistakes. In some cases, operators
had problems calculating a total
moment, and thus a mass-specific
value of the correct magnitude.
Some labs were used to measuring
magnetizations and directions of
rock samples of a known volume,
and might not have experienced the
use of mass-specific quantities.
(These problems might have been
compounded by the somewhat im-
precise language used in the re-
quest—Sorry!)

The process of converting the
results to the requested units was, on
the whole, quite successful, with
only a few problems. One group
measured magnetic polarization in-
stead of magnetic remanence, but
managed the conversion correctly.
Other labs provided the correct raw
number, but then managed to pro-
duce some amazing calculated val-
ues—in one case, approximately two
orders of magnitude greater than
pure magnetite (Oops!).

Conclusions
The main conclusions were: 1)

despite the use of different types of
equipment, and the fact that the
standards used for calibration may
not always have been up to snuff,
relatively insignificant measurement
deviations occurred; and 2) human
errors led to problems in performing

Thanks to the partici-
pating labs, in alphabeti-
cal order (and in ran-
dom order with respect
to the table): Bergen
(Norway), Coventry
(UK), CNRS–Gif-sur-
Yvette (France),
CSIRO–Exploration
Sciences (Australia),
East Anglia (UK),
Edinburgh (UK), IRM
(USA), Liverpool
(UK), Lund (Sweden),
Oxford (UK), Prague
(Czech Republic),
Wellington (New
Zealand), and Zürich
(Switzerland).

Sample χ [10–6 m3 kg–1] SIRM [10–3 A m2 kg–1]
and Lab ID Lab Lund Lab Lund

T2 0.301 0.293 1.564 1.798
T3 2158† (0.216) 0.276 2,299,000† (2.299) 1.796
T4 0.271 0.276 1.871 1.748
T5 27.67 0.267 1828.4 1.778
T6 0.273 0.279 1.640 1.778
T9 0.280 0.279 1.860 1.816
T10 0.268 0.272 1.732 1.789
T11 0.282 0.271 1.830 1.786
T16 0.283 0.273 0.981† (1.902) 1.796
T20 219.2† (0.276) 0.276 1.698 1.794
T21 43,000† (0.278) 0.273 1.800 1.798
T22 0.290 0.273 1.25‡ (1.819) 1.771

T23 (Lund) 0.293 0.293 1.794 1.794
†(The number in parentheses is the corrected value sent by the lab.)
‡A volume of 6.86 cm3 was assumed. (The number in parentheses is the corrected value.)
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But, when we talk about a magnetic
field (H), of say 100 mT, we really
mean µoH = 100 mT. Perhaps now is
the time to start being more careful
about B and H.

Susceptibility
Magnetic volume susceptibility k

(the ratio of volume magnetization
to magnetic field) is given by

  
k = M

H
, [dimensionless]

and mass susceptibility χ is given by

  
χ = σ

H
= k

density
.[m 3 kg–1]

Problems arise experimentally
because susceptibility bridges mea-
sure, in effect, the ratio of magnetic
moment to magnetic field (m/H),
and then assume a volume (typically
10 cm3) to give you what amounts to
a “pseudo” k. This can be the “real” k
only if your sample is the same vol-
ume and shape as the manufacturer’s
standard, and if the instrument is
calibrated properly. To eliminate
these problems, calibrate your ma-
chine with your own standard made
from a paramagnetic material of
known susceptibility per unit mass
(e.g., ammonium iron (II) sulfate,
manganese (II) carbonate, or manga-
nese (III) oxide, being very careful
about hydration and/or contamina-
tion). The more compulsive among
you will want to make this kind of
artificial sample for each shape you
use in your lab (cylinder, cube, etc.),
and create a calibration table for
your machine. Get in contact with
the IRM to find out how we do this,
if you are interested.

ARM and ARM Susceptibility
Here is an example that illustrates

many of the points made above: The
susceptibility of ARM, often used to
compare ARMs induced under dif-
ferent conditions, is defined in an
anologous way to low-field suscepti-
bility (k, χ, M, and σ are replaced in
the above equations by kARM, χARM,
volume-specific ARM, and mass-
specific ARM, respectively). The
corresponding conversions are iden-
tical, as well.

Quiz
Suppose that, in a sample of mass

11.2 g and volume 7.65 cm3, you
induce an ARM with a biasing
“field” [be careful!] of “100 µT,” and
measure the ARM moment to be
1.91×10–6 A m2. Given the above
information, calculate all parameters
(ARM moment, volume-specific
ARM, mass-specific ARM, kARM,
χARM, and inducing field H) in both
unit systems, and then turn the page
to see how well you did.

term symbol SI units cgs units conversion

magnetic induction B [T] [G] 1 [T] = 104 [G]

magnetic field strength H [A m–1] [Oe] 1 [A m–1] = 
  

4π
103

 [Oe]

magnetic moment m [A m2] [emu] 1 [A m2] = 103 [emu]

volume magnetization M [A m–1] [emu cm–3] 1 [A m–1] = 10–3 [emu cm–3]

mass magnetization σ [A m2 kg–1] [emu g–1] 1 [A m2 kg–1] = 1 [emu g–1]

volume susceptibility k [dimensionless] [dimensionless] 1 [SI] = 
  

1
4π

 [cgs]

mass susceptibility χ [m3 kg–1] [emu Oe–1 g–1]1 [m 3 kg–1] = 
  

103

4π
 [emu Oe–1 g–1]

Calibration continued on page 8…

and the magnetic moment per unit
mass σ is given by

  
σ = m

mass
. [A m2 kg–1]

It is thus important to understand
what your magnetometer measures,
what its control software assumes
and does (e.g., normalize by a vol-
ume of 10 cm3), and to be able to
convert among m, M, and σ easily.

Bad Relations
In the SI system, the three mag-

netic vectors (magnetic field H,
magnetization M, and magnetic
induction B) are related by

    B = µ o H + M( ) , [T]

where the units of B are Tesla, while
those of H and M are A m–1. But not
so fast! The cgs version of the above
equation is

    B = H + 4πM . [G]
Because the implicit µo is unity in
the cgs system, B, H, and M all have
the same dimensions (even though
each was arbitrarily chosen and is
now named after a famous dead per-
son: Gauss, Oersted, and emu cm–3,
respectively—“emu,” of course, be-
ing that illustrious scientist “electro-
magnetic unit,” and not a large
flightless bird!).

And herein lies some of the confu-
sion. Because B and H coinciden-
tally have the same units and
numerial values in cgs, they have
been used interchangeably. The
distinction between them has
blurred, despite the fact that differ-
ent numerical values appear after
unit conversions to SI are made. For
example, the Earth’s induction and
field strength are about 0.5 G and
0.5 Oe, respectively. But in SI, we
have B = µoH, so that 0.5 G = 50 µT
(B), but 0.5 Oe = 39.8 A m–1 (H).

As you can see from this example,
it is much easier to convert B values
(Gauss to Tesla) than to convert H
values (Oersted to A m–1), so it is
not too surprising that it is the cur-
rent practice in geomagnetism to
report all values (B and H) in Tesla.

calculations and conversions, prob-
ably due to a lack of familiarity with
magnetic quantities and units.

SOLUTIONS

There has been confusion over
magnetic quantities and associated
units because there are two ways that
the subject of magnetostatics has
been presented: 1) in terms of cur-
rent sources (SI), or 2) in terms of
fictitious magnetic poles (cgs). As a
result, there is a difference in the
forms of many of the basic equations
in the two systems. Although the
underlying science amounts to the
same thing, the units and conver-
sions become a nightmare, especially
since cgs units were commonly used
until recently, but SI units are re-
quired now. This confusion mani-
fests itself, for instance, in the pro-
portionality constant µo (“perme-
ability of free space”), which has a
value of 4π×10–7 in units of Henry
m–1 in the SI system, but which is
set equal to unity and is dimension-
less in the cgs system.

Moment or Magnetization?
Because SI are now the units of

choice, we begin with current loops.
Consider a loop of radius r, area A,
and current i—roughly equivalent to
an atom with orbiting electrons. A
magnetic field H will be produced at
the center of the loop given by

    
H = i

2r
, [A m–1]

and the loop has a magnetic mo-
ment m associated with it given by

  m = iA . [A m2]
Now, real 3-D samples can be mod-
eled as the sum of many such atomic
current loops. The associated net m
is what most magnetometers actually
measure, but the quantity of interest
for real samples is often a sample-
normalized intensity of magnetiza-
tion. So, the magnetic moment per
unit volume M is given by

  
M = m

volume
, [A m–1]

Table of conversions
between the SI and cgs
systems for various
magnetic quantities. For
more information on
relating the SI and cgs
systems, see any of the
following: B. M. Mos-
kowitz, Handbook of
Physical Constants,
edited by T. J. Ahrens,
American Geophysical
Union, Washington,
DC, in press, 1994; P.
N. Shive, Eos Trans.
Am. Geophys. Union,
67, 25, 1986; or M.
A. Payne, Phys. Earth
Planet. Inter., 26,
P10–P16, 1981 (with
the nearly inevitable
errata, Phys. Earth
Planet. Inter., 27,
233, 1981).
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☛ ATTENTION: June
10 Deadline Approaches!

Visiting Fellowship Applications
for 1–3-week stays this fall and
winter are due very soon. Details
about how to apply can be found in
Eos (April 19 and May 10 issues)
and in GSA Today (May issue). Be
sure to fill out a photocopy of the
Application Form from the Winter
1993–94 issue (vol. 3, no. 4, p. 6) as
part of your proposal.

…Calibration continued from page 7…LakeShore continued from page 1

between the two pick-up coils in
order to make background measure-
ments, take the measurements
proper, and correct for asymmetries
in the sample. The manufacturer
claims a sensitivity of 2×10–8 SI (for
a typical 0.1-cm3 sample in a field of
80 A m–1), and strong samples can
be accommodated by decreasing the
applied field.

Nitty Gritty
Samples consist of small rock

chips, soil, or powder. A typical 100-
mg specimen is packed into a #4
gelatin capsule. The gel-cap fits in-
side a standard drinking straw which
in turn slips onto the end of the long
rod that goes down inside the ma-
chine. (In fact, the sample prepara-
tion required for the LakeShore is
the same as that required for the
MPMS Superconducting DC Sus-
ceptometer.) Total preparation time
is about five minutes per sample.
Once the sample is centered and a
measurement scheme is set up in the
control program, a frequency sweep
takes about 90 minutes, and a tem-
perature sweep takes around 4 hours,
including initial cooling time. Data
files are in standard ASCII format,
and can be made compatible with
any IBM or Mac data-massaging
program.

Pluses and Minuses
The LakeShore is quite flexible in

its capabilities, and can, with little
effort, provide detailed susceptibility
information at a variety of frequen-
cies and temperatures; its drawback
is the finicky nature of the vacuum
system which requires extreme care
during sample insertion for low-
temperature work.

Next issue: the Kappa Bridge high-
temperature susceptometer.

For SI, the values are:
ARM moment = 1.91×10–6 A m2

vol. ARM = 2.50×10–1 A m–1

mass ARM = 1.71×10–4 A m2 kg–1

kARM = 3.14×10–3 SI
χARM = 2.15×10–6 m3 kg–1

inducing H = 79.6 A m–1

[and B = µoH = 100 µT!];
and for cgs:

ARM moment = 1.91×10–3 emu
vol. ARM = 2.50×10–4 emu cm–3

mass ARM = 1.71×10–4 emu g–1

kARM = 2.50×10–4 cgs
χARM = 1.71×10–4 emu Oe–1 g–1

inducing H = 1.00 Oe
[and B = 1.00 G!].

No wonder it’s so confusing when
one physical measurement can yield
10 different, yet legitimate, values
for various versions of ARM!

RECOMMENDATIONS

It is essential for all of us to speak
the same “language.” This can occur
only if, first, all of us truly under-
stand the principles of magnetism
that underlie our science. It would
be well worth your time to refamil-
iarize yourself with what a given
measurement really is and how it is
generated. Fewer calculation errors
will then occur. Second, greater
comfort should be attained regarding
the use of the machines. We there-
fore recommend that: 1) instru-
ments’ principles of operation be
reviewed; 2) the differences among
raw, mass-specific, and volume-spe-
cific values be distinguished and
noted; 3) all those equations, con-
versions, and units [see table on page
7] be pored over until they become
second nature; and 4) standards be
adopted and used regularly to
(cross-)calibrate equipment.

For anyone else who wants to
cross-calibrate a machine (or a per-
son!), the standard used in this trial
is available from:

Ian Snowball
Dept. of Quaternary Geology
Lund University
Tornavägen 13
S-223 63  Lund
SWEDEN
fax: (+46) 46 104830

By the way, there is plenty of room
to expand this little experiment to
include measurements of other mag-
netic parameters such as ARM,
MDF, hysteresis loop parameters,
and so on—any takers?

he 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 1–3-week period dur-
ing the following half year. Shorter,
less formal visits are arranged on an
individual basis through the labora-
tory manager.

The IRM staff consists of Subir
Banerjee, Director; Bruce Mosko-
witz, Associate Director; Jim
Marvin, Senior Scientist; and Chris
Hunt, Scientist and Lab Manager.

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

The IRM Quarterly is published
four times a year by the staff of the
IRM, with editorial and layout assis-
tance from Freddie Hart. If you or
someone you know would like to be
on our mailing list, if you have some-
thing you would like to contribute
(e.g., titles plus abstracts of papers in
press), or if you have any suggestions
to improve the newsletter, please no-
tify the editor:

Chris Hunt
Institute for Rock Magnetism
University of Minnesota
293 Shepherd Laboratories
100 Union Street S. E.
Minneapolis, MN  55455–0128
phone: (612) 624-5274
fax: (612) 625-7502
e-mail: chunt@maroon.tc.umn.edu

T

The  is commit-
ted to the policy that all people shall have
equal access to its programs, facilities, and
employment without regard to race, reli-
gion, color, sex, national origin, handicap,
age, veteran status, or sexual orientation.
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for this date is 147° be-
low zero, which oc-
curred 28,000 years ago
during the Great Ice
Age.”


