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The magnetic properties of geologic materials offer
insights into an enormous range of important geophysical
phenomena ranging from core dynamics to paleoclimate.
Often it is the low-temperature behavior (<300 K) of
magnetic minerals that provides the most useful and
highest sensitivity information for a given problem. A
material’s low temperature magnetic behavior can indicate
the dominant magnetic mineral phases, determine the
grain size distribution of the constituent magnetic miner-
als, and even reveal evidence of biogenic iron minerals.
Low-temperature cycling across the magnetite Verwey
transition is sometimes used to remove remanence as-
sociated with multi-domain grains, which is undesirable
for paleointensity and other paleomagnetic experiments.
(Many of these low-temperature phenomena will be ad-
dressed in upcoming installments of our ongoing series
on interpretation of low-temperature magnetic data.)

Despite the utility of low-temperature magnetic
data, probing these low-temperature phenomena from
the perspective of understanding the underlying physical
behavior has been hampered by instrumental limitations.
Until now, nearly all measurements of low-temperature
magnetization have been single-axis and are rarely done in
true zero-field environments. Low-temperature remanence
measurements at the IRM have been carried out almost
exclusively on the Quantum Designs Magnetic Properties
Measurement System (MPMS) where magnetization is
measured only in the vertical direction, and “zero-fields”
ofup to 1 uT are common. If low-temperature measure-
ments of a natural remanence (NRM) are desired, great
care must be taken to align the NRM with the measure-
ment axis, and any directional change during thermal
cycling will not be captured.

The IRM — with funding from the Instrumentation
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Figure 1. Peter Solheid makes an adjustment to the low-temperature

probe.

and Facilities Program of the National Science Founda-
tion, Earth Science Division, and in conjunction with
ColdEdge Technologies (Allentown, Pennsylvania) — has
now developed a low-cost, cryogenic insert designed to
work with a standard, horizontal-loading, 2G Enterprises
magnetometer. Full three-axis measurements may now
be made in ultra-low-field environments (nT) and under
controlled heating and cooling from ~17 K to room tem-
perature. The design is compatible with both the large
(7.6 cm) and small (4.2 cm) bore magnetometers, as well
as many standard pulse magnetizers. Used in conjunction
with the in-line degausser on the IRM’s pass-through
magnetometer, it will ultimately be possible to acquire
anhysteretic remanence (ARM) and/or AF demagnetize
samples at cryogenic temperatures.

Instrument Design

The cryogenic insert is cooled by a pneumatically-
driven Displex SHI SH-204 10K two-stage cryocooler
with a 73.7 cm copper cold tip extension and 3.8 cm di-
ameter stainless steel vacuum shroud (Fig. 2). A40.6 cm
sapphire cold tip extension and sapphire radiation shield
are joined to the end of the copper extension in order to
prevent any disturbance to the measurement region of
the magnetometer. A fiberglass vacuum shroud extension
mounts to the stainless shroud to provide a non-metallic
extension to the vacuum insulation space. Temperature
control is provided by a non-inductively wound, 50 watt
heater integrated into the body of the probe and mounted
out of the sensor region 40.6 cm away from the sample.
The temperature inside the probe is monitored directly at
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8th Santa Fe Conference
on Rock Magnetism to
be held June 24 - 27

The Eighth Santa Fe Conference on Rock Magnetism
will be held June 24 - 27 at St. John’s College in Santa Fe,
New Mexico. This small, intimate meeting has proven
very popular, as the format allows for in-depth discus-
sion of current topics in rock magnetism. Students are
particularly encouraged to attend, and generous support
by the National Science Foundation means that registra-
tion and housing fees will be waived for all participants.
Additional funding is provided by ASC Scientific,
Bartington Instruments, Quantum Design, and
Princeton Measurements Corporation.

Program

The format of the conference involves one or two
invited speakers in each session, followed by an extended
period of open mic and discussion.

Wednesday, June 23

2:30 Check-in/registration begins for those arriving
early for field trip

Thursday, June 24
8:30 Field trip departure to Valles Caldera

2:30 Check-in/registration begins for non-field trip
participants

7:00 Welcome and Opening Comments
(Bruce Moskowitz, IRM, University of Minnesota)

7:10 Key-note lecture on dynamos and planetary
magnetism
(Peter Olson, Johns Hopkins University)

Friday, June 25

9:00 Successful Developments in Paleointensity
(Coordinators: Joshua Feinberg & Yohan Guyodo)

1:30 Extra-terrestrial Magnetism: Materials
and Processes
(Coordinators: Mike Fuller & Kristin Lawrence)

Evening Free

Saturday, June 26

9:00 Keynote lecture on Iron Chemistry, Mineralogy
and Analytical Techniques
(Brandy Toner, Dept. of Soil, Water, and Climate,
University of Minnesota)

10:45Environmental Magnetism
(Coordinators: Christoph Geiss & Rich Reynolds)

2:00 Quantitative Modeling of Mineral
Magnetic Data
(Coordinators: Andrew Newell & Aleksey Smirnov)

Evening Free

Sunday, June 27
7:30 Continental breakfast, Junior Commons

9:00 Teaching Paleomagnetism
(Coordinators: Bruce Moskowitz & Laurie Brown)

Optional Field Trip

An optional field trip to Valles Caldera will take place
on the first day of the meeting from approximately 8:30
a.m. to 3:30 p.m. The rhyolitic domes of Valles Caldera
— sampled near Jaramillo Creek — were used by Doell
and Dalrymple (1966) to document the termination of a
newly-discovered polarity subchron: the Jaramillo event.
This work helped lead to the widespread acceptance of the
Vine-Matthews-Morley hypothesis of seafloor spreading,
by establishing a magnetic polarity timescale consistent
with the marine magnetic anomaly observations. Al-
though subsequent work has shown that the lavas actually
record a later event (Singer and Brown, 2002), Valles
Caldera is still where it all began.

The field trip will be led by John Geissman (Uni-
versity of New Mexico). A §110 fee will cover field trip
expenses, including the extra night’s lodging, meals, and
transportation.

Registration Information

There will be no conference registration fee. Dormi-
tory accommodations and meals in the St. John’s cafete-
ria are provided by funding from the National Science
Foundation. Travel expenses are the responsibility of
individual participants.

A non-participating spouse or other guest will be
charged $205 to cover three nights lodging, all meals and
coffee breaks. A $110 fee will cover field trip expenses
for those who choose to participate.

Visit the conference web site (www.irm.umn.edu/
SantaFe8/) for registration form and additional informa-
tion. Registration closes May 31 or when available
spaces are full.

Cerro la Jara, a rhyolite dome within Valles Caldera. Valles Caldera
National Preserve is the location of the field trip prior to the Santa
Fe Meeting. (Photo from Wikipedia Commons)
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Magnetic properties of single crystals of
ilmenite-hematite with magnetite from
the Ecstall pluton, British Columbia

Sarah Brownlee
University of California, Berkeley
sbrownlee @berkeley.edu

The (~91 Ma) Ecstall pluton in northwest British
Columbia has a complicated thermal history whereby
it has been reheated by the younger (~58 Ma) Quottoon
plutonic complex on its eastern margin [1]. The reheating
caused changes in T-fO, conditions leading to mineralogic
changes within the Fe-Ti oxides. At locations closer than
~14 km from the Quottoon plutonic complex the hema-
tite in ilmenite-hematite is reducing to magnetite, and
forming 20-50 nm sized magnetite crystals within the
hematite [2]. There are corresponding changes in bulk
magnetic properties across the Ecstall pluton; however, to
confirm that changes in bulk magnetic properties are due
to mineralogic changes within ilmenite-hematite grains,
it is necessary to study the magnetic properties of single
crystals.

Single crystals of ilmenite-hematite (~425-650 pum)
were separated from crushed samples from 7 locations at
varying distances from the Quottoon plutonic complex,
herein referred to as the thermal boundary. We measured
hysteresis properties using the alternating gradient mag-
netometer (AGM), remanence vs. temperature using the
magnetic properties measurement system (MPMS), and
isothermal remanence magnetization (IRM) acquisition
using an impulse magnetometer.

Single crystal magnetic properties grouped into
3 groups corresponding to distance from the thermal
boundary and the presence or absence of classic rutile
blitz texture. Group 1 consists of locations farthest from
the thermal boundary (> 14 km); group 2 is locations <
14 km from the thermal boundary with no rutile blitz
texture; and group 3 is locations < 14 km from the thermal
boundary with rutile blitz texture. In general, rutile blitz
texture was only seen in locations <8 km from the thermal
boundary.

The distinction between the three groups is most
clearly seen in the hysteresis measurements (Fig 1). Group
1 hysteresis loops are typical of hematite. They have coe-
civities of 150-250 mT and M /M_ ratios of 0.8-0.95 after
slope correction. This group is farthest from the thermal
boundary and thus represents magnetic properties that are
not affected by reheating. Group 2 hysteresis loops are
wasp-wasted to varying degrees due to variable amounts
of magnetite. The resulting coercivities range from 10-275
mT and M /M_ ranges from 0.1-0.85. Group 3 has similar
hysteresis loops to group 2 except coercivities for group
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Figure 1. Hysteresis loops from a) group 1, b) group 2, and ¢) group
3. Magnetization is normalized to the value at 1 T

3 are significantly higher, and range from ~10-400 mT.

The increase in coercivity from group 2 to group 3 has
two potential explanations. The first is further exsolution
of hematite and ilmenite lamellae during reheating above
the miscibility gap. The second involves the rutile blitz
texture itself. Blitz texture is made up of abundant rutile
needles cutting through the ilmenite-hematite host in 6
different orientations, which could result in a reduction
of magnetic domain size in hematite with a corresponding
increase in coercivity. Also, the rutile needles themselves
have exsolved hematite in them (Brownlee et al. 2010),
which is likely to have high coercivity due to small size
and high shape anisotropy.

The remanence vs. temperature, and IRM acquisition
experiments complement the hysteresis measurements. In
summary, grains from group 1 consist of only hematite
and ilmenite. Grains from group 2 consist of hematite
and ilmenite with varying amounts of magnetite resulting
from reduction of hematite. Group 2 also tends to have
more ilmenite than group 1, which is evident in the low
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Field Cooled Remanence vs. Temperature
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Figure 2. Field cooled remanence vs. temperature curves for a)
group 1, b) group 2, and c) group 3. The remanence magnetization
is normalized to the maximum measured for each grain, which occurs
at ~10 K. Presence of magnetite is indicated by clear Verway transi-
tions at ~110-120 K in groups 2 and 3. Grains that contain a lot of
ilmenite, which acquires remanence below ~40 K, are characterized
by low values of M/Mmax at room temperature, i.e. group 2.

temperature remanence curves (Fig. 2). Grains from group
3 are similar to group 2, but have higher coercivities.

These experiments have shown that changes in bulk
magnetic properties across the Ecstall pluton can be ex-
plained by the magnetic properties of single crystals of
ilmenite-hematite, and that the magnetic properties have
been affected by reheating and subsequent growth of
magnetite ~33 Ma after emplacement of the Ecstall pluton.
Therefore, paleomagnetic directions from <14 km from
the Quottoon plutonic complex are not likely to record
ambient field conditions at the time of emplacement of
the Ecstall pluton.

Many thanks to Gary Scott, and everyone at the IRM,
in particular: Julie Bowles, Mike Jackson, Peat Solheid,
and Josh Feinberg.
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Current Articles

A list of current research articles dealing with various topics in
the physics and chemistry of magnetism is a regular feature of
the IRM Quarterly. Articles published in familiar geology and
geophysics journals are included; special emphasis is given to
current articles from physics, chemistry, and materials-science
journals. Most abstracts are taken from INSPEC (© Institution
of Electrical Engineers), Geophysical Abstracts in Press (©
American Geophysical Union), and The Earth and Planetary
Express (O Elsevier Science Publishers, B.V.), after which
they are subjected to Procrustean culling for this newsletter.
An extensive reference list of articles (primarily about rock
magnetism, the physics and chemistry of magnetism, and some
paleomagnetism) is continually updated at the IRM. This list,
with more than 10,000 references, is available free of charge.
Your contributions both to the list and to the Abstracts section
of the IRM Quarterly are always welcome.
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Gallet, Y., A. Genevey, M. Le Goff, N. Warme, J. Gran-Aymerich,
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Valles Caldera (location of the field trip prior to the Santa Fe meeting)

as seen from the Space Shuttle. Image courtesy of the Image Sci-

ence & Analysis Laboratory, NASA Johnson Space Center. Image

STS040-614-63, http://eol.jsc.nasa.gov/.
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IRM’s new low-temp probe (continued from pg. 1)

the sample using a non-magnetic, fiber-optic temperature
sensor. Ultimately, the probe will be mounted on a trans-
lation table driven by a programmable stepper motor so
that measurements may be automated.

Preliminary Results

The prototype instrument is still in the development
and testing stage, but it is operational and early results are
extremely encouraging. One of the many motivations for
building the low-temperature probe was to better under-
stand directional variations in magnetization across mag-
netic phase changes and isotropic points. For example,
single-axis measurements on large, single-crystal magne-
tites have demonstrated that crystallographic orientation
plays a large role in magnetization behavior across the
Verwey transition (Ozdemir and Dunlop, 1999).

As a test case, we selected a portion of a natural,
single crystal magnetite octahedron that was roughly two
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Figure 2. Low-temperature insert
installed on the IRM’s RF SQUID
magnetometer. On the left are the
cryocooler and compressor lines. The
fiberoptic temperature sensor extends
vertically up from the cryocooler.
On the right is the vacuum shroud
extension.

millimeters across. A 1.2 T pulse field was applied at
room temperature along eithera[111] (easy) axis,a [110]
(intermediate) axis, or a [100] (hard) axis. Following each
treatment, the sample was cooled to ~20 K (requiring ~3
hrs) and then warmed back to room temperature (over
another ~3 hrs) inside the probe. The sample was oriented
so that a [100] axis was aligned with the magnetometer
Z-axis (the long axis of the magnetometer and probe),
while two <110> axes were aligned with magnetometer X
and Y. During this initial testing only, sample orientation
with respect to both the applied field and the measurement
axes was approximate, and misorientations of up to ~10°
are likely.

Results from the [111] case are shown in Figure 3.
The room-temperature magnetization is somewhat shal-
lower than would be expected if it were constrained by
magnetocrystalline anisotropy to lie along [111]; however
the possible sample misorientations may be contributing
to this. Magnetization on cooling decreases across the



Verwey transition, reaching a minimum at ~115 K be-
fore rapidly increasing to ~50% of the room temperature
remanence. The same pattern is observed on all three
measurement axes. On warming, this behavior is com-
pletely reversible for T <115 K, and there is no indication
of any temperature lag or thermal hysteresis. Above this
temperature the warming remanence is considerably less
than the cooling remanence due to irreversible domain
wall motions. Aside from a subtle clockwise rotation
of the remanence on cooling, no directional change is
discernible, as might be expected from a rotation of the
remanence vector from the cubic [111] easy axis at T >
T, to the monoclinic [100] easy axis at T <T,.

We note that some of the subtle directional variation
may be due to an inadequate background correction; a
silicon diode temperature sensor with relatively high
magnetization (~ 10° Am?) is currently mounted near the
sample for calibration of the fiber optic temperature sensor.
The diode magnetization varies in a roughly linear fashion
with temperature, and the correction for this is imperfect.
Temperature calibration is still being improved (there is a
roughly 5 K constant temperature offset in the shown test
data), and the diode will ultimately be removed.

When the field is applied along the [100] (hard) axis
(Fig. 4), the magnetization lies mostly along that axis,
but ~20% along one of the intermediate axes ([110],
magnetometer Y). The second intermediate axis ([110],
magnetometer X) is essentially zero at room temperature.
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Figure 3. Low-temperature cycling of a 1.2 T isothermal remanence
applied along the sample [111] (easy) axis. (a) Magnetization vs.
temperature in magnetometer coordinates (X, Y, Z, and total). M,
is roughly along the [001] (hard) axis, while M, and M, are along
two of the intermediate axes: [110] and [110], respectively. (b)
Equal-area diagram showing little directional change as the sample
cools and warms.
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Figure 4. Low-temperature cycling of a 1.2 T isothermal remanence
applied along the sample [100] (hard) axis. (a) Magnetization vs.
temperature and symbols as in Fig. 3 (b) Equal-area diagram showing
directional change as the sample crosses the Verwey transition. At T
> 115 K, directions are slightly steeper and slightly more northerly.
At T < 115 K, directions have rotated slightly to the southeast. At
T = 115 K, intermediate directions are observed.

Similar to the [111] case, the total moment decreases
on cooling across the Verwey transition followed by an
abrupt rebound at 115 K. However, in this case, a clear
— if slight — directional change accompanies the rebound
(Fig. 4). This can be seen both in the stereo plot (Fig. 4b)
and in the relative axis-to-axis variability in magnetization
changes across the transition (Fig. 4a).

These two simple test cases clearly demonstrate
the potential of the instrument. If one were restricted to
single-axis measurements, such subtle directional changes
would be extremely difficult to deduce. We hope that this
test data set will get both senior and student researchers
excited about designing their own experiments.

Community Access

The instrument is still in the development phase, but
will ultimately be available to the community through
visits to the IRM. If you have a specific application in
mind, we encourage you to contact us so that we can keep
it in mind as the final engineering and software develop-
ment stages are completed.
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