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Abstract

The Thellier method is classical but is still regarded as the most reliable method for paleointensity determination.
Recently, many types of additional protocols have been advocated to ensure reliability and make laboratory work
more laborious and time-consuming. An automated system coupling a magnetometer and an electric furnace is now
of prime importance to cope with the increasing demand. Here, we describe a graphics-based program for control-
ling a fully automatic system combining a spinner magnetometer and a thermal demagnetizer, and for acquiring

and processing the magnetization data. A single fluxgate sensor, which can measure the vector magnetization by
spinning and translating a standard-sized 1-in. specimen, was calibrated with a rotatable reference specimen that can
make the magnetization parallel or perpendicular to the spinning axis. By placing a cooling chamber between the
furnace and the sensor for the updated system, the specimen can be heated up more efficiently to ensure an identi-
cal thermal history for the double heatings of the Thellier method. The direction of the vector magnetization was
precisely obtained as well as the intensity, the results being comparable with those from an ordinary spinner mag-
netometer. We present an application of the fully automatic system for a Thellier measurement on a recent lava flow,
which took about 24 h for approximately ten-step double heatings without manual operation.
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Background

With the increasing interest in past geomagnetic field
intensities, much more reliable and abundant paleoin-
tensity determinations are required in recent years (e.g.,
Dunlop 2011). Published paleointensity data have been
compiled in databases (Biggin et al. 2009; Brown et al.
2015) that allow users to find lack of reproducibility in
the existing paleointensity results. Field tests for materi-
als cooled in the known geomagnetic field revealed sig-
nificant variations in obtained paleointensities within
a single sampling site (e.g., Herrero-Bervera and Valet
2009; Yamamoto et al. 2015). Paleointensity experi-
ments usually need to repeat double heatings at many
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temperature steps as in the Thellier method (Thellier and
Thellier 1959). This experimental procedure is intrinsi-
cally laborious and time-consuming. Even if a prelimi-
nary sample selection is applied, many samples cannot
meet the criteria for acceptable paleointensity data, and
the criteria are becoming increasingly more rigorous
(e.g., Paterson et al. 2014). Chemical or magnetic domain
alteration during heating and/or multidomain effects
hamper the determination of paleointensities (e.g., Valet
et al. 1996). To evaluate paleointensity data, a variety of
additional procedures such as the partial thermorema-
nent magnetization (pTRM) check (Coe 1967), pTRM
tail check (Riisager and Riisager 2001), or the IZZI proto-
col (Yu and Tauxe 2005) have been introduced, but they
require more time and labor.

Although paleomagnetic measurements have been
mostly performed with a manual combination of a
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thermal or alternating field (AF) demagnetizer and a
remanence magnetometer, several automated mag-
netometers have been developed. In the early 1980s, AF
demagnetizers were incorporated into fully automated
spinner magnetometer systems (Kono et al. 1981) and
later coupled with superconducting magnetometers
(Kirschvink et al. 2008). Then a commercially available
2G system, arranged with a superconducting magnetom-
eter and an AF demagnetizer in series on a horizontal
sample track, enabled AF demagnetization and meas-
urement of long cores or discrete specimens automati-
cally. The 2G automatic systems are now widely used for
retrieving paleomagnetic directions in many laborato-
ries worldwide. Recently, some updated systems with AF
demagnetizers based on the 2G superconducting mag-
netometer were also developed (e.g., Morris et al. 2009;
Wack and Gilder 2012).

An automatic system such as the 2G system is not
widely used for paleointensity studies. This is because
housing a thermal demagnetizer with a superconduct-
ing or spinner magnetometer is a challenge. To date,
automated systems based on a vibrating sample mag-
netometer (VSM) have been developed for paleointensity
measurements in Borok, Russia (e.g., Shcherbakova et al.
2008), and Paris (Le Goff and Gallet 2004). The system
developed in Borok was commercially distributed as an
Orion VSM and used after some modification in other
laboratories (Dunlop 2008; Poidras et al. 2009). Muxwor-
thy (2010) attempted the Wilson method (Wilson 1962)
using the Orion VSM, which is capable of measuring
three components of magnetization at elevated tempera-
tures. The Triaxe VSM in Paris provided a large amount
of paleointensity data on archeological materials with
a Wilson-type method (Gallet and Le Goff 2006; Gallet
et al. 2009). Thellier experiments can also be performed
by the automated VSMs using small-sized 1 cm? cubes or
minicores. Precisely orienting such a small specimen is
difficult, and therefore, a standard 1-in. cylinder is sepa-
rately prepared for directional studies (e.g., Shcherba-
kova et al. 2014). High-temperature experiments using a
superconducting magnetometer were attempted but not
operated in a fully automatic mode for routine measure-
ments (Sugiura 1989; Tanaka et al. 1995).

In an ordinary spinner magnetometer with a fluxgate
sensor, a specimen is rotated about a single axis, and the
orientation needs to be manually changed for measur-
ing the three components of magnetization. Although
automatic measurement might seem difficult to per-
form along with demagnetization, Kono et al. (1981)
made it possible to combine an AF demagnetizer and a
spinner magnetometer by using a tumbler. For thermal
demagnetization or paleointensity measurements, Kono
et al. (1991) developed an automated three-component
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magnetometer with a thermal demagnetizer called
TSpin. In this system, a standard-sized paleomagnetic
specimen is translated along the spinning axis; therefore,
the axial magnetization can be measured as well as the
in-plane components perpendicular to the spinning axis.
The specimen is further translated into an electric fur-
nace for thermal demagnetization and pTRM acquisition.

To the best of our knowledge, no automated spinner
magnetometer is available other than TSpin, with which
Thellier paleointensity experiments can be performed
on a routine basis. Hotspin 2, developed by Wack and
Matzka (2007), can measure the full vector of remanence
using six fluxgate sensors as a specimen is heated up to
350 °C by flowing hot air. The maximum temperature is
not enough to fully demagnetize specimens containing
magnetite or Ti-poor titanomagnetite. In addition, a coil
imparting thermoremanent magnetization is not incor-
porated; therefore, paleointensity experiments cannot be
performed with Hotspin 2.

Here, we report a newly developed LabVIEW software
to control TSpin for Thellier paleointensity experiments,
to analyze the data, and then to generate Zijderveld, Arai,
and Roquet diagrams. Some minor modifications of the
hardware are also described. The graphics-based soft-
ware makes setting and monitoring of the automated sys-
tem easier, helps minimize human-induced errors, and is
flexibly adaptable to complicated procedures. Calibration
using a standard specimen and test measurements on
some volcanic materials is also reported.

Hardware

The design of TSpin is essentially the same as that of the
original system (Kono et al. 1991), but the two systems
were constructed for routine measurements. A fluxgate
sensor and an electric furnace for thermal demagnetiza-
tion are the principal components of TSpin (Fig. 1). A
standard 1-in. cylindrical specimen is translated between
the sensing region and the electric furnace. Unlike the
original system, a cooling chamber equipped with a
blower is built between the furnace and the sensing
region. These three components are housed in a three-
layer p-metal magnetic shield. A long solenoid coil,
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Fig. 1 A schematic illustration of an automated three-component
spinner magnetometer with a thermal demagnetizer TSpin. A flux-
gate sensor is set to measure the radial component of the magnetic
field for a spinning and translating specimen
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covering the furnace and the cooling chamber, produces
a uniform magnetic field to impart pTRM. The residual
magnetic field in the cooling chamber is kept less than
10 nT by applying a backfield using the solenoid coil after
each Thellier measurement. When the heating process is
finished, the specimen is translated from the furnace to
the cooling chamber within approximately 1 s, because
of which cooling during the translation is expected to be
negligible. This heating—cooling process is not essentially
different from the procedure using a mobile furnace (Kis-
sel and Laj 2004).

A 1-in. cylindrical specimen, which is fixed to the
quartz glass tube holder by using quartz fiber, can be
heated up to a maximum of 700 °C. The cylindrical axis
of the specimen is set parallel to that of the glass tube,
which is also fixed along the spinning axis by using a col-
let. Thus, the cylindrical specimen’s axis aligns parallel to
the spinning axis of TSpin. After adjusting the angle of
the glass tube so as to make the specimen’s orientation
marker line vertical using a laser level (Fig. 2), the collet
is tightened to fix the specimen to the spinning axis. The
specimen’s marker can be adjusted within a few degrees
from the vertical. Fixing the glass tube with the collet
reduces wobbling during spinning and enables precise
orientation of the specimen.

Thirty-two slits on a rotating disk fixed to the spinning
axis are used to monitor the spinning angle with a photo-
interrupter, and one of the slits is marked as the zero
angle, which is used to orient the specimen’s marker line.
Heating and cooling positions are identified with another
photo-interrupter according to the translation. When
measuring the magnetization, spinning is repeated at
ten or more axial positions that are adjusted with 1-mm-
spaced slits and a photo-interrupter. A specimen is trans-
lated over a 15-cm interval parallel to the axis near the
fluxgate sensor.

Fig. 2 A standard-sized cylindrical specimen mounted on a glass
tube holder with glass fiber. An orientation marker line is set vertical
using a red laser line
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A single fluxgate sensor is fixed approximately 5 cm
away from the spinning axis to measure the radial com-
ponent of the magnetic field produced by a specimen.
Translation of the specimen along the axis allows both
the axial and in-plane components of magnetization to
produce signals for the radial fluxgate sensor, by decom-
position of the signal as described by Kono et al. (1991).
Amplification of the output voltage from the fluxgate
sensor can be selected from 1x, 10x, 100x, and 1000x,
depending on a specimen’s magnetization intensity.

The electric furnace of TSpin, operated by a thermo-
controller CHINO KP1000, performs thermal demag-
netization and pTRM acquisition depending on whether
the solenoid coil is turned on or off. To replicate the same
thermal history for demagnetization and pTRM acquisi-
tion, the furnace was heated up to a target temperature
before inserting a specimen. The reason for this is that
ramping up the temperature after inserting a specimen
sometimes induces temperature overshoot and results
in different temperature histories for zero- and in-field
steps. The temperature was calibrated by using a dummy
specimen where two K-type thermocouples are plastered
with cement at the center and on the surface. While heat-
ing a specimen in the furnace, the temperature is moni-
tored by an R-type thermocouple placed approximately
1 cm below a specimen. The cooling chamber is placed
at the center of the magnetic shield case, ensuring a mini-
mum residual field during demagnetization.

Software

A LabVIEW software controls spinning and translating
the specimen, sets the furnace temperature through the
thermocontroller, controls a direct current source for
the solenoid coil, and obtains the signal from the flux-
gate sensor. A digital input/output board CONTEC PIO
32/32F(PCI), installed in a PCI bus of a personal com-
puter, sends on/off signals to the spinning and translat-
ing motors, the solenoid coil, and a blower, whereas it
receives signals from the photo-interrupters monitor-
ing the position and angle of a specimen. The thermo-
controller is operated through an RS232C port, and the
current source is connected to a USB port. An analog
input board, INTERFACE PCI-3135, picks up the output
voltage in the range of £10 V from the fluxgate sensor
and converts it into a 16-bit digital signal. Driver soft-
wares that enable LabVIEW to communicate with the
digital or analog boards are available from the respective
manufacturer.

Before starting a Thellier measurement, users need
to specify the temperature steps, pTRM check and
pTRM tail check steps in the LabVIEW controlling soft-
ware, as well as the applied field for pTRM acquisition
(Fig. 3). The software allows users to select a temperature
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Fig. 3 A LabVIEW user interface for Thellier palecintensity measurement

sequence from a menu of customized sequences or to
specify it by editing a text file. After users select whether
to assign additional steps of the pTRM check or tail check
or not, the software generates a sequence of zero- or in-
field treatments for the Thellier experiment. This auto-
matic sequence generation helps prevent human-induced
errors. At present, the Coe version of the Thellier method
is assumed, but any other version such as the IZZI pro-
tocol (Yu and Tauxe 2005) can be introduced with minor
modifications. A heating rate of 10°C/min and a hold
time in the furnace of about 30 min are typically speci-
fied, but these parameters are adjustable depending on
the measured specimen. Users can choose a relatively
high heating rate because a specimen is out of the fur-
nace when the furnace temperature is changed. After
heating up the empty furnace, a specimen is inserted into
the furnace that has already reached the temperature of
the next step.

When a specimen is cooled down after demagnetiza-
tion or pTRM acquisition, it is brought back to the sensor
region. Prior to measuring the remanence, the gain of the
fluxgate sensor is adjusted by scanning the output volt-
age at several positions as it is pulled out of the cooling

chamber. If the output voltage exceeds the acceptable
range +10 V of the analog board, the gain is switched to
the lower one. When pushing back the specimen, meas-
urements are taken by spinning the specimen at 15 dif-
ferent positions spanning approximately 15 cm near the
fluxgate sensor. The fluxgate output signal represents the
radial component of the magnetic field that is generated
by both the in-plane and axial components of the speci-
men magnetization. The output voltage was acquired
32 times for a single rotation in response to the rotating
slits. A quasi-sinusoidal response curve is drawn for each
rotation as shown in the upper half of Fig. 3.

The fast Fourier transform (FFT) is applied to spinning
data for each of the 15 positions, by which the ampli-
tude, zero shift, and phase are derived as a function of
the axial position. Assuming that the dipole term of the
specimen’s magnetization dominates the output signal,
the magnetization is given by the magnitude of the in-
plane component my, its angle ¢, and the magnitude of
the axial component m, in a cylindrical coordinate frame
(Kono et al. 1991). ¢ should be independent of the axial
position and therefore is calculated by the weighted
average of the phase angles of each set of spinning
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data. On the other hand, the amplitude and zero shift
vary with the specimen position and can be related to
my, - sin®6 - 3 sin?6 — 1) and m, - sin®6 - 3sin @ cos 6,
respectively. 6§ = tan~!(s/z) is specified by the speci-
men’s axial position z and the sensor displacement from
the axis s. The ratio of the power of these dipole compo-
nents with respect to the total power is larger than 0.999
in most cases, indicating that the higher harmonics are
negligibly small compared to the dipole signal.

Now that the three components of magnetization
(my, ¢, mz) in a cylindrical coordinate frame have been
determined for each step of a Thellier measurement,
real-time visualization in Zijderveld, Arai, and Roquet
diagrams is realized before completing the scheduled
sequence (Fig. 3; lower half of the window). These dia-
grams help users check the ongoing behavior and decide
whether to interrupt the sequence when problems arise.
Typically, a single Thellier experiment using TSpin takes
approximately 24 h to complete a suite of double heatings
at about ten temperature steps, including pTRM checks.
If users encounter problems and halt an automated meas-
urement, much more machine time is saved. Indeed, in
most cases, the Thellier measurement by TSpin automat-
ically continues unattended overnight, and no additional
operation is needed except for the initial settings.

For each spinning, the software stores the raw volt-
age data from the fluxgate sensor. These raw data make
it possible to recalculate the magnetization parameters
if the calibration constant is revised later. The target
and measured temperatures of the furnace are displayed
on the screen (Fig. 3) and stored to examine the status
of heating and cooling. The processed data for draw-
ing real-time Zijderveld, Arai, and Roquet diagrams are
saved in individual files that are used subsequently for
the same types of drawing. Besides the main software
for the Thellier experiments, independent softwares are
prepared for room-temperature measurements, which is
useful for calibration measurements, and for steering the
digital board when problems are encountered.

Calibration

We prepared a standard specimen by fixing a tiny needle-
like magnet in synthetic resin. This standard specimen is
specially designed to be rotatable so as to set the mag-
netization direction perpendicular or parallel to the spin-
ning axis (Fig. 4). Therefore, both the in-plane and axial
components of magnetization can be calibrated with a
single standard specimen. The magnetic moment of the
specimen was measured with an ordinary spinner mag-
netometer (Natsuhara Giken, ASpin) at Doshisha Univer-
sity, and the measured value of 9.996 x 107> Am? is taken
as the reference value. This means that our calibration is
not absolute; rather, it should be regarded as a relative
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Fig. 4 A standard specimen mounted on a glass tube holder to
calibrate a in-plane and b axial components

inter-calibration with the ordinary spinner magnetom-
eter. However, the reference value is reliable because the
ordinary spinner magnetometer is routinely cross-cali-
brated using several calibration specimens.

Making the standard specimen’s magnetization par-
allel or perpendicular to the spinning axis, we can cali-
brate the axial or in-plane components, respectively.
Measurements were repeated by rotating the specimen
180° in order to cancel out undesirable voltage offsets.
When measuring the axial component, the specimen is
translated against the fluxgate sensor. The output voltage
should vary as a function of the position along the spin-
ning axis (Kono et al. 1991). Least square fitting based
on the dipole curve can provide m, expressed in V that
is related to the magnetic moment of the standard speci-
men in Am? For the in-plane component, the moment
direction is precisely assigned to be vertical using a laser
level (Fig. 3), and then, spinning was repeated at several
different positions. The amplitude of the output voltage
is calculated by applying FFT to each set of spinning data,
and the relationship between the voltage amplitude and
the axial position gives my, which is related to the refer-
ence magnetic moment.

Calibration factors for both the axial and in-plane com-
ponents were determined for each amplification gain. At
the lowest gain 1x, the calibration factor is approximately
1.6 x 10~* Am?/V. This value determines the upper limit
of the measured magnetic moment as 1.6 X 1073 Am?,
considering the input limit of the analog board +10 V.
Although the standard specimen has a relatively high
magnetic moment of 9.996 x 10~> Am?2, we could directly
calibrate up to the 100x range. If we extend the range
up to 1000x and assume a voltage resolution of 0.05 V,
the sensitivity of TSpin turns out to be approximately
1x1078 Am?

The phase angle of the in-plane component is also
necessary to be calibrated for the constitution of the
mutually independent three components in a cylindri-
cal coordinate system. If the specimen is rotated step by
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step and one of 32 rotating slits is detected by an optical
interruptor, the output voltage is precisely determined
as a function of the phase angle. Because the specimen
is actually rotated at a constant angular speed, however,
a significant difference between the phase of the output
signal and the detected phase angle emerges. The phase
angle derived by FFT analysis of the output signal and
that given by the slit reading are compared, after which
the phase lag is determined and used as the phase angle
adjustment for the in-plane component. In routine meas-
urements, the spinning angular speed and the sense of
spin remain unchanged for the calibration measurement.

We compared the remanent magnetizations measured
by TSpin and the ordinary spinner magnetometer ASpin.
These two spinner magnetometers were inter-calibrated
with each other using a standard specimen. Thirty-one
standard-sized cylindrical specimens were prepared from
a recent basaltic lava flow that erupted in Miyakejima,
Japan. The averages of the remanence intensities, meas-
ured by TSpin and ASpin, were exactly 2.22 x 10~* Am?
correct to the three significant digits. To compare the
intensities of individual specimens, we observed that
the differences from the average intensity concentrate
around zero and the standard deviation was only 1.09 %
(Fig. 5a). Further, the remanence directions do not signif-
icantly differ on the individual specimen level. The stand-
ard deviation of the declination, 2.74°, is larger than that
of the inclination, 1.81°, as shown by the laterally distrib-
uted directions in Fig. 5b. These remanence directions
are shown in a specimen coordinate frame; therefore, the
declination values are directly influenced by the accuracy
of orienting the marker lines with a laser level, but the
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inclination values are determined only by the ratio of the
in-plane and axial components measured with a single
fluxgate sensor.

Applications
To demonstrate the advantages of the automated meas-
urement by TSpin, first we present a test measurement
accompanied by stepwise thermal demagnetization on
a historic scoria from the 1763 eruption in Miyakejima
(Fig. 6a). This specimen exhibits a narrow unblock-
ing temperature range concentrated around 500 °C. The
high-temperature magnetization component is promi-
nent and extremely stable during the thermal demag-
netization as indicated by the small maximum angular
deviation of 0.8° for the segment 150-575°C (Kirsch-
vink 1980). In addition to the stable component, we can
observe a minor magnetization component below 150 °
C. The minor component, which was probably acquired
during laboratory storage, is clearly distinguishable
owing to the sharp bend between the two straight lines
on the Zijderveld diagram. However, this is unexpected
for manually measured specimens. For TSpin, it is not
necessary to remove and attach a specimen to a sam-
ple holder at each demagnetization step; therefore, ori-
entation errors between neighboring demagnetization
steps are avoidable. Moreover, because a specimen stays
inside a single magnetic shield case during the course of
repeated measurements and thermal demagnetizations,
spurious magnetization is hardly acquired, unlike when
the specimen is manually handled outside the shield case.
A Thellier paleointensity result obtained by TSpin is
shown for a specimen collected from the 1983 lava flow
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in Miyakejima as a typical example (Fig. 6b). We applied
the Coe version of the Thellier method to specimens of
recent or historical lavas and scorias from Miyakejima
using the two TSpin systems. An extremely well-defined
straight line covering the entire temperature range up to
580 °C is visible on the Arai diagram (Fig. 6b). The result-
ant paleointensity of 47.4 + 0.3 uT, determined from the
entire measured temperature range 20-580 °C, does not
greatly deviate from the expected value of 45.1 nT that
is calculated for the sampling site from the International
Geomagnetic Reference Field model. On the Zijderveld
diagram, the magnetization decays along straight lines on
the projections for both horizontal and vertical planes.
As demonstrated for the stepwise thermal demagnetiza-
tion (Fig. 6a), we did minimize the chances for orienta-
tion error and acquisition of spurious magnetization by
avoiding manual handling of the specimen. Furthermore,
the specimen is inserted into the preheated furnace,
which ensures identical thermal histories both for zero-
and in-field steps of the same temperature.

Concluding remarks

An automated three-component spinner magnetometer
equipped with a thermal demagnetizer TSpin is utilized
for routine operations for Thellier paleointensity experi-
ments with a LabVIEW controlling software. TSpin has
several advantages over conventional manual measure-
ments. First, a Thellier measurement that is very labori-
ous and time-consuming can be performed overnight
without any user intervention. This enables a larger
number of Thellier measurements to be made, in which
uninterpretable results are often obtained. Second, the
chance of an orientation error or acquisition of spurious
magnetization is almost completely eliminated, because a
series of remanence measurements combined with ther-
mal demagnetization or pTRM acquisition continues
in a magnetic shield case without manual handling of a
specimen. Thus, TSpin helps us to clearly define linear
segments on Zijderveld or Arai diagrams. Because TSpin
can accommodate a standard-sized cylindrical speci-
men, remanence directions can also be reliably measured
as the intensities. A collet and a laser level for fixing a
glass tube holder help decrease declination or inclination
errors significantly. Automated measurements by TSpin
are arranged at the start using the LabVIEW software,
which controls all the components of TSpin, monitors the
temperature, acquires and analyzes magnetometer data,
and enables real-time visualization for the entire meas-
urement sequence. The software can be flexibly modified
so as to incorporate any other protocols, such as deter-
mining temperature steps automatically or repeating
rotation and translation to measure weakly magnetized
specimens.
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