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Abstract

Investigations of superchrons are the key to understanding long-term changes of the geodynamo and the mantle’s
controlling role. Granitic rocks could be good recorders of deep-time geomagnetic field behavior, but paleomagnetic
measurements on whole-rock granitic samples are often disturbed by alterations like weathering, and the presence
of multi-domain magnetite. To avoid such difficulties and test the usefulness of single silicate crystal paleomag-
netism, here we report rock-magnetic and paleomagnetic properties of single crystals and compare those to the
host granitic rock. We studied individual zircon, quartz and plagioclase crystals separated from the middle Cretaceous
Iritono granite, for which past studies have provided tight constraints on the paleomagnetism and paleointensity.
The occurrence of magnetite was very low in zircon and quartz. On the other hand, the plagioclase crystals contained
substantial amounts of fine-grained single-domain to pseudo-single-domain magnetite. Microscopic features and
distinctive magnetic behavior of plagioclase crystals indicate that the magnetite inclusions were generated by exsolu-
tion. We therefore performed paleointensity experiments by the Tsunakawa—Shaw method on 17 plagioclase crystals.
Nine samples passed the standard selection criteria for reliable paleointensity determinations, and the mean value
obtained was consistent with the previously reported whole-rock paleointensity value. The virtual dipole moment
was estimated to be higher than 8.94 1.8 x 10 Am?, suggesting that the time-averaged field strength during mid-
dle of the Cretaceous normal superchron was several times as large as compared to that of non-superchron periods.
Single plagioclase crystals which have exsolved magnetite inclusions can be more suitable for identification of mag-
netic signals and interpretation of paleomagnetic records than the conventional whole-rock samples or other silicate

grains.
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Introduction

Long superchrons of constant geomagnetic polarity are
the most distinctive features at the ~10 Myr scale trend
of the geomagnetic field and are very possibly related to
the whole-mantle convection process such as the activ-
ity of mantle plumes (e.g. Larson and Olson 1991; Glatz-
maier et al. 1999; Courtillot and Olson 2007; Zhang and
Zhong 2011; Biggin et al. 2012). Numerical dynamo
simulations indicate that non-reversing stable dynamos
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and indicate if changes were made.

with strong dipole moments will occur under condi-
tions of relatively low CMB heat flow, whereas a reversing
dynamo with multipolar nature is expected under condi-
tions with high CMB heat flow (e.g. Kutzner and Chris-
tensen 2002; Christensen and Aubert 2006; Olson and
Christensen 2006). Additionally, high dipole fields could
be also caused by enhanced heterogeneity of CMB heat
flow (e.g. Takahashi et al. 2008; Olson et al. 2010).
Understanding the geomagnetic field intensity dur-
ing superchrons is crucial for revealing the nature of the
long-term change of the geodynamo and the control-
ling role of the mantle on it. While dynamo simulations
predict stronger field during superchrons, paleointensity
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during the Cretaceous normal superchron (CNS) at
83-120 Ma has not reached consensus among previous
paleomagnetic studies. Several studies suggest stronger
field during CNS than the average for ages with frequent
reversals (e.g. Tarduno et al. 2006; Tauxe 2006), while
others claimed the opposite (e.g. Tanaka and Kono 2002;
Shcherbakova et al. 2012). It is also challenging to get a
solid conclusion from the paleomagnetic databases such
as PINT (Biggin et al. 2009) and MagIC (earthref.org/
MaglC) because the data deposited in them are mostly
from volcanic rocks which reflect short-term geomag-
netic variations and hide the long-term trends of pale-
ointensity. In order to establish a reliable paleointensity
curve for long-term variation, a brand new dataset based
on appropriate samples and measurement methods is
required.

To focus on the long-term variations of the past geo-
magnetic field, plutonic rocks could provide good
candidate samples since they are likely to record the
time-averaged field accurately during their long cool-
ing history. Granites in particular have been formed at
various ages and have preserved over geological time.
However, paleomagnetic studies using granitic rocks are
usually difficult due to weathering of the rocks and non-
ideality of coarse grain multi-domain (MD) magnetite.
Also, granitic rocks often contain biotite and pyrrhotite,
which decompose easily upon laboratory heating and
form some magnetite as a byproduct. One of the most
promising approaches to overcome these difficulties is
to separate single silicate crystals from them that contain
magnetic mineral inclusions, and use them for paleomag-
netic measurements.

Single silicate crystals with magnetic inclusions have
the potential to yield reliable paleointensity data because
the inclusions are more protected from chemical alter-
nations such as oxic weathering in nature, and from
thermochemical oxidation upon laboratory heating,
than are the host granitic rocks. Zircon crystals have
been used for paleointensity studies owing to its perma-
nence against chemical alternation and ability to obtain
direct radiometric ages on them (Tarduno et al. 2014,
2015), although Weiss et al. (2015) raised a controversy.
Detailed rock-magnetic properties of zircons collected
from river sand in the Tanzawa pluton, Japan, showed
its adequacy for paleointensity measurements (Sato et al.
2015). Fu et al. (2017) reported that the absolute value of
zircon paleointensity was consistent with the bulk rock
using the Bishop Tuft of Northeastern California. Pale-
ointensity and rock-magnetic properties have also been
intensively studied on single plagioclase crystals which
can contain magnetically stable fine-grained magnet-
ite inclusions (Tarduno et al. 2006). For basalts from the
1955 Kilauea eruption, the recovered paleointensity has
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been compared with the whole-rock and magnetic obser-
vatory data, with good agreement (Cottrell and Tarduno
1999). Plagioclase crystals separated from lavas from
the Rajmahal Traps (113—-116 Ma; Tarduno et al. 2001),
Strand Fiord Formation (95 Ma; Tarduno et al. 2002),
Ocean Dirilling Program (ODP) Site 1205 on Nintoku
Seamount of the Hawaiian-Emperor volcanic chain and
ODP Site 801 in the Pigafetta Basin (55.59 and 160 Ma,
respectively; Tarduno and Cottrell 2005), and the Kiaman
Reversed Superchron type area (~262-318 Ma; Cottrell
et al. 2008) have been used for studies on paleointensity
variation related to the reversal frequency of the dipole
field. Quartz phenocrysts are also a target studied for
Archean rocks (Tarduno et al. 2007, 2010, 2014). All of
the paleointensity measurements mentioned above were
taken using variants of the Thellier—Thellier method
(Thellier and Thellier 1959; Coe 1967; Yu et al. 2004).

Rock-magnetic properties of plagioclase separated from
plutonic rocks such as granitoids (Usui et al. 2015) and
gabbros (Feinberg et al. 2005; Muxworthy and Evans 2012)
have also been reported. Some of them are character-
ized by needle-shaped tiny magnetite inclusions possibly
formed by exsolution from the host plagioclase (Feinberg
et al. 2005; Usui et al. 2015; Wenk et al. 2011). Several
preceding studies reported paleointensity estimates using
plutonic rocks in which the authors argued that the mag-
netic records were carried by exsolved magnetite (Selkin
et al. 2008; Usui 2013). Plagioclase with exsolved mag-
netite is potentially an excellent recording medium of the
ancient geomagnetic field, but should be treated carefully
because (1) magnetic remanence anisotropy caused by
needle-shaped magnetite can affect paleomagnetic results
(Paterson 2013; Usui et al. 2015), (2) nonlinear thermore-
manence acquisition (Selkin et al. 2007), and (3) unknown
formation temperature of exsolved magnetite (Feinberg
et al. 2005). Usui and Nakamura (2009) reported paleoin-
tensity using single plagioclase crystals separated from a
granitic rock, although they did not claim they achieved
exact, reliable estimates. Despite its potential for establish-
ing the long-term trend of the geomagnetic field strength,
paleointensity of single crystals separated from plutonic
rocks have not been compared to that of the host whole
rock to assess its reliability.

This study aims to assess how paleointensity measure-
ments on single silicate crystals separated from granitic
rocks are reliable compared to those on whole-rock sam-
ples. We conducted systematic rock-magnetic measure-
ments on zircon, quartz and plagioclase grains separated
from whole-rock samples collected from the Cretaceous
Iritono granite, a paleomagnetically well-studied unit
in northeast Japan. The results suggest that plagioclase
is the most appropriate candidate mineral for paleoin-
tensity measurements among the studied minerals. We
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therefore conducted paleointensity experiments on pla-
gioclase and compared the results with previously pub-
lished results from the host granitic rock. Paleointensity
experiments were conducted by the Tsunakawa—Shaw
method (Tsunakawa and Shaw 1994; Yamamoto et al.
2003; Mochizuki et al. 2004; Yamamoto and Tsunakawa
2005; Yamamoto et al. 2015) which might be more suit-
able for single grain samples with exsolved magnet-
ite than the variants of the Thellier—Thellier method.
Obtained paleointensity results were consistent with
the whole-rock data; thus it is suggested that plagioclase
crystals separated from granitic rock have a potential to
constrain the long-term variation of paleointensity.

Experimental methods

Sample description

We studied zircon, quartz and plagioclase separated
from the middle Cretaceous Iritono granite in the Abu-
kuma massif, northeast Japan (Fig. 1). Cooling history of
the Iritono granite is constrained by Wakabayashi et al.
(2006) and Tsunakawa et al. (2009) using a thermal dif-
fusion model of the granite body, and by two radiometric
age determinations with different closure temperatures.
The U-Pb zircon age is 115.7+1.9 Ma (Tsunakawa et al.
2009) and the *°Ar—*°Ar biotite age is 101.940.2 Ma
(Wakabayashi et al. 2006). The age of the Iritono gran-
ite corresponds to the middle part of the CNS, in which
the polarity reversals had been stopped for a period as
long as 20 Myr. The estimated cooling time for a lock-in
of a paleomagnetic record is 4 x 10* to 1.4 x 10 years.
Wakabayashi et al. (2006) and Tsunakawa et al. (2009)
previously conducted rock-magnetic and paleomagnetic
studies and paleointensity experiments on the whole-
rock samples of the Iritono granite. The magnetic miner-
als in the Iritono granite were magnetite and pyrrhotite,
and their fraction varied with sampling locations. Sam-
ples from site ITG09 showed the least contribution of
pyrrhotite, and the primary magnetization was clearly
distinguished from the secondary magnetization carried
by low blocking temperature or low coercivity compo-
nents in terms of natural remanent magnetization (NRM)
direction. Tsunakawa et al. (2009) studied the paleointen-
sity by both the Coe’s version of Thellier method (Thellier
and Thellier 1959; Coe 1967) and the Tsunakawa—Shaw
method using the whole-rock sample of site ITGO09.
Although the obtained paleointensities exhibit a bimodal
distribution according to the different methods used,
they were indistinguishable at the 20 level and thus were
combined into one site-mean. The resultant site-mean
paleointensity was 58.4+ 7.3 uT before applying the cool-
ing rate correction, and 39.0+4.9 uT after correction.
This corresponds to a virtual dipole moment (VDM) of
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Fig. 1 Map of the Iritono granite in the Abukuma massif, northeast
Japan (reproduced from Wakabayashi et al. 2006)

9.141.1 x 10*2 Am?. The present study used the mineral
samples separated from the core samples of site ITG09.

Sample preparation

A granite sample core 2.54 cm in diameter was crushed
with a non-magnetic mortar and pestle, and sorted by
850 pm and 350 um mesh screens. Heavy fractions of
the sample smaller than 350 pm were concentrated by
an aqueous panning technique. Zircons with no visible
cracks or opaque particles on the surface were hand-
picked under a binocular stereoscopic microscope.
Quartz and plagioclase were hand-picked from sam-
ples larger than 350 pm and smaller than 850 um. These
selected crystals were leached by hydrochloric acid (HCI)
to remove any tiny magnetic particles on the sample sur-
face. HCI concentration and leaching duration was 12 N
and 4 days for zircon and quartz, and 6 N and 8 h for
plagioclase, respectively. Samples were then sandwiched
individually between layers of magnetically clean Scotch
Magic Transparent Tape in the method of Sato et al.
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(2015) or were mounted individually on a glass holder
(see below) for rock-magnetic measurements and pale-
ointensity experiments.

Remanence measurements using SQUID magnetometer

A superconducting quantum interference device
(SQUID) magnetometer (2G Enterprises Model 755-
4.2 cm) was used for remanence measurements. We fol-
lowed the method of single-crystal measurements by Sato
et al. (2015). A sample holder made of acrylonitrile buta-
diene styrene (ABS) was used for measurements. Single-
crystal samples sandwiched by tape or mounted on the
glass holder were fixed on the edge of the ABS holder by
double-stick tape. The magnetic moments of the ABS
holder and double-stick tape were measured before
and after sample measurement and subtracted from
the sample moment. The detection limit of the method
was 2 x 10712 Am?, so we employed 4 x 10712 Am? as a
threshold to distinguish significant remanence intensity
from noise.

For stepwise thermal demagnetization (ThD) and pale-
ointensity experiments, we made new thermally resistant
holders for single-crystal measurement of the SQUID
magnetometer based on the sample holder designed
for SQUID microscope measurements (Fu et al. 2017).
Images of the sample holder are shown in Fig. 2. Non-
alkali high-temperature glass plates (Eagle XG, Corning,
1.1 mm thick) were cut into squares of 7 mm on a side. A
1-mm-diameter pit was drilled in the center of the glass
plate, followed by intense cleaning in concentrated HCIL.
A single-crystal sample was put into the pit and fixed by
stuffing SiO, powder with grain size of ~0.8 pum. This
technique enabled us to conduct heating experiments
on single crystals in a fixed sample coordinate. The blank

Fig. 2 Image of the glass holder fixed on the ABS holder. 7 mm each
side. A plagioclase grain can be seen through the glass in the center
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magnetic moment of the glass holder after subtracting
the moment of ABS holder and double-stick tape was
well below the practical detection limit of the SQUID
magnetometer.

First, we measured NRM intensity of 349, 455, and 268
grains for zircon, quartz, and plagioclase, respectively.
On the basis of the NRM intensities, we then selected
samples for further rock-magnetic and paleomagnetic
measurements.

Rock-magnetic measurements

For the selected samples that showed significant NRM
intensity (>4 x 10~'> Am? per grain), we conducted low-
temperature remanence measurements using a magnetic
property measurement system (Quantum Design model
MPMS-XL5). Isothermal remanent magnetization (IRM)
was first imparted at 2.5 T and 10 K after zero-field cool-
ing from 300 K. The remanence was then measured
during warming in zero-field (ZFC remanence). Subse-
quently, samples were cooled to 10 K in a 2.5 T field and
then remanence was further measured during warming
in zero-field (FC remanence).

Hysteresis loop measurements were taken for plagio-
clase grains and a quartz grain which contained mag-
netite using an alternating gradient magnetometer
(LakeShore model MicroMag 2900). Samples sandwiched
by tape were mounted on a transducer probe with a silica
sample stage (Lake Shore model P1 probe). The blank
saturation magnetization of the probe was 6 x 1071 Am?,
Maximum field during hysteresis loop measurement was
0.5 T, and the field increment was 4 mT. Diamagnetic/
paramagnetic corrections were applied to the obtained
hysteresis loop by subtracting the average slopes at
applied field of |B| >300 mT. Results are exhibited in the
Day plot (Day et al. 1977).

Stepwise ThD of NRM was performed on selected zir-
con and quartz samples using a TDS-1 thermal demag-
netizer (Natsuhara Giken). For plagioclase samples,
stepwise ThD of laboratory-imparted thermoremanent
magnetization (TRM) was performed after paleointensity
experiments. TRM was given by cooling from 610 °C in a
50 uT field in air.

To investigate the NRM to IRM (NRM/IRM) dis-
tribution of plagioclase, a room-temperature IRM
was imparted to 75 plagioclase samples at 2 T by an
MMPMI0 pulse magnetizer (Magnetic Measurements),
and the IRM intensity was measured using the SQUID
magnetometer.

Paleointensity experiments

We performed paleointensity experiments with the Tsu-
nakawa—Shaw method on 17 plagioclase grains. We
followed the procedures described in Yamamoto and
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Tsunakawa (2005). In this method, stepwise alternating
field demagnetization (AFD) of NRM and TRM is per-
formed. Assuming the similarity of TRM and anhyster-
etic remanent magnetization (ARM), alternation caused
by laboratory heating is monitored by comparing the
coercivity spectra of ARMs before heating (ARMy o)
and after (ARM,,,). TRM is corrected by:

after

TRM* = TRM x ARMpefore/ ARMafter )

where TRM* is the corrected TRM. Paleointensity is
determined using the slope in the TRM*-NRM dia-
gram. The samples are heated twice. Assuming that
thermal alternation in the first and second heating is
similar, the validity of the ARM correction for alterna-
tion was checked by the second heating by comparing
the measured intensity to the laboratory field. Samples
are subjected to low-temperature demagnetization (LTD)
before each stepwise AFD series to selectively demagnet-
ize the unstable coarse grain magnetite. LTD treatment
was conducted by cooling a sample in a dewar bottle
inside a triple magnetically shielded case filled with lig-
uid nitrogen for 5 min. TRM was given by cooling from
610 °C in a 50 puT field in a vacuum (< 10 Pa). The heating
time at the top temperature of 610 °C was 10 (20) min-
utes for first (second) heating, with a subsequent cooling
to room temperature with a rate of approximately 10 °C
per minute. AFD treatment and ARM impartment was
carried out using an alternating field demagnetizer (Nat-
suhara Giken model DEM-95C). AFD was conducted
during sample tumbling. ARM was imparted at DC field
of 50 pT, with a peak AC field of 180 mT. Here we define
ARMO, ARM1 and ARM2 as the ARM imparted before
heating, after first heating and after second heating,
respectively. Also, TRM1 and TRM2 are given by the first
and second heating, respectively. The corrected TRMs,
TRM1* and TRM2* are given by TRM1 x ARMO/ARM1
and TRM2 x ARM1/ARM2, respectively. Paleointen-
sity value is calculated by the slope of the NRM-TRM1*
plot. The field intensity calculated from the slope of the
TRM1-TRM?2* plot is compared to the laboratory field
intensity. We attempted to deal with the anisotropy effect
on paleointensity by two experimental protocols. For four
samples (sample IDs of 9004, 9009, 9013 and 9016), all
ARMs and TRMs were given along the likely direction of
the characteristic remanent magnetization (ChRM), esti-
mated from the orthogonal plot of AFD of the NRM, so
that the anisotropy bias was canceled. For the others we
followed the standard protocol of the Tsunakawa—Shaw
method in which ARMO is approximately parallel to
ChRM and ARM1 (ARM?2) is parallel to TRM1 (TRM2).
This protocol employs a built-in anisotropy correction
using ARMs (Yamamoto et al. 2015); the anisotropy bias
caused by angular difference between NRM (TRM1) and
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TRM1 (TRM?2) is corrected by ratios of ARMO/ARM1
(ARM1/ARM2). In the present study, ARM1, ARM2,
TRM1 and TRM2 were imparted along the Y axis, which
is independent of the direction of ChRM. In this study,
AFD steps for ARMs without LTD treatment (ARMOO,
ARMI10, and ARM20) were omitted.

Remanence anisotropy measurements

To assess anisotropy effect, we measured the ARM ani-
sotropy of 19 plagioclase samples including 13 samples
which were subjected to the paleointensity experiments.
ARM was imparted along three orthogonal axes (ARM,,
ARM,, and ARM,) to obtain the remanence anisotropy
tensor. Measurements were taken after LTD treatments.
TRM anisotropy tensor was also measured after paleoin-
tensity experiments for some samples and the consist-
ency with the ARM anisotropy tensor was checked. The
ARM and TRM measurements were also taken after AFD
with a peak AC field of 50 mT. ARM anisotropy of whole-
rock samples was checked based on measurement results
obtained using a spinner magnetometer (Natsuhara
Giken model SMDS88).

Results

Rock-magnetic properties of zircon

Sixteen out of 349 zircon samples had NRM intensi-
ties larger than the threshold (Fig. 3a). Low-tempera-
ture magnetometry and stepwise ThD measurements of
NRM were taken on selected samples that had significant
NRM intensity. Representative results are summarized in
Fig. 4. Stepwise ThD treatment for NRM was performed
on four samples. Two samples showed a characteristic
magnetization component and pyrrhotite-like blocking
temperature (Fig. 4a), but the other two did not show any
stable remanence component (Fig. 4b). Low-temperature
experiments were performed on additional five samples.
One sample showed a phase transition of pyrrhotite
at ~30 K (Fig. 4c), while the other four samples did not
show any obvious transition (Fig. 4d). We concluded that
the dominant magnetic inclusion in zircon is pyrrhotite
and/or magnetically very soft materials. Since the whole-
rock study determined that a low blocking temperature
(<400 °C) component is probably carried by pyrrhotite
and hence was most likely remagnetized by a reheating
event (Wakabayashi et al. 2006), we did not use zircon for
paleointensity experiments.

Rock-magnetic properties of quartz

Similar to the zircon samples, very few samples of
quartz (7 out of 455) had NRM intensities larger than
the threshold (Fig. 3b). We took stepwise ThD measure-
ments of NRM on two quartz grains. In both samples,
magnetization decreased generally toward the origin in
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the orthogonal plot. One sample shows a high blocking
temperature suggesting magnetite inclusion (Fig. 5a) and
the other sample exhibits a lower, pyrrhotite-like block-
ing temperature (Fig. 5b). We further took low-temper-
ature magnetometry measurements and hysteresis loop
measurements on the former sample. The Verwey tran-
sition of magnetite was recognized near 120 K (Fig. 5¢)
that indicate titanium-poor magnetite (Ozdemir et al.
1993; Moskowitz et al. 1998). High coercivity (B> 10 mT)
exhibited in the slope-corrected hysteresis loop suggests
the existence of fine-grained magnetite. We concluded
that quartz is a potentially ideal sample for paleomag-
netic study. However, we decided not to use quartz for
paleointensity experiments because it was difficult to find
enough magnetite bearing samples to study.
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Rock-magnetic properties of plagioclase

A histogram of NRM intensity for the plagioclase crys-
tals is shown in Fig. 3c. In contrast to the zircon and
quartz samples, very high population of the plagio-
clase samples (224 out of 268; 84%) exhibited the sig-
nificant NRM intensities. Figure 6a shows a diagram
between NRM intensities and IRM intensities for the
75 plagioclase grains. NRM/IRM distributes in a nar-
row range, namely around 0.1 (Fig. 6b), indicating the
similar magnetic carrier and NRM origin among the
plagioclase grains. The NRM/IRM ratio around 0.1 is
higher than the TRM(50 pT)/IRM ratio for synthetic
samples which resemble rocks (Yu 2010), and consist-
ent with, but somewhat lower than the previous reports
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Fig. 7 Microscopic image of a polished single plagi
Stacking of snaps of different focal depths

on plagioclase crystals (Usui et al. 2015) or rocks con-
taining exsolved magnetite (Selkin et al. 2007).

We performed magnetic hysteresis and low-temper-
ature magnetometry measurements on four selected
grains with different NRM/IRM ratios. All of the four
samples exhibited similar features in both hysteresis and
low-temperature magnetization. Results on the hyster-
esis measurements fall in the PSD region of a Day plot
(Fig. 6d) and are concentrated in a narrower region of the
diagram compared to the whole rock. This indicates that
the magnetite in plagioclase crystals has narrower range
of grain size than that in the whole rock. The Verwey
transition of magnetite was clearly observed at approxi-
mately 120 K (Fig. 6e), indicating a very low titanium
content of magnetite (Ozdemir et al. 1993; Moskowitz
et al. 1998). Larger remanence in the FC curve relative to
the ZFC curve (Fig. 6e) also suggests a dominance of fine-
grained magnetite (Moskowitz et al. 1993; Carter-Stiglitz
et al. 2001, 2002; Kosterov 2003).

After paleointensity measurements, we took hyster-
esis measurements on four samples and low-temperature
measurements on one sample. The results were similar
to those shown in Fig. 6¢, e, which implies that the dou-
ble heating during paleointensity measurements did not
severely affect the magnetic characteristics of plagioclase
grains. A distribution of the blocking temperature was
investigated on four samples after paleointensity experi-
ments. Results show a very narrow blocking temperature
distribution around 530-580 °C (Fig. 6f).

Figure 7 is a microscopic image of a polished plagio-
clase sample (sample no. 68 in Table 2). The tiny opaque
minerals with rounded to needle-like shapes are uni-
formly distributed in the host plagioclase and showed
no association with cracks. These opaque minerals are
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probably magnetite, and the texture implies that the mag-
netites were not generated by secondary alternation but
rather have a primary origin such as incorporation dur-
ing plagioclase crystallization or exsolution at subsolidus
conditions. Furthermore, the needle-like shape of mag-
netite and their preferred alignment relative to the feld-
spar suggests an origin via exsolution because magnetite
tends to form equant octahedral crystals when crystalliz-
ing from a magma. The needle-like grains could be cat-
egorized to SD state due to particle length (few micron
in most but up to > 10 um) and width length ratio of <0.1
(Dunlop and Ozdemir 1997). The round-shaped grains
are possibly in the PSD state.

To summarize, rock-magnetic measurements of pla-
gioclase samples indicate that the plagioclase crys-
tals contain nearly-pure needle-like-shaped SD and
PSD magnetite with width less than a few micron and
various aspect ratio and are suitable for paleointensity
measurements.

Paleointensity experiments of plagioclase

We conducted Tsunakawa—Shaw paleointensity experi-
ments on 17 plagioclase grains. In consideration of the
sensitivity of the instrument, samples with NRM intensi-
ties larger than 5 x 10~ Am? were chosen for the experi-
ments. Taking weak remanences of single-crystal samples
into account, we employed a slightly different selection
criteria from the study by Yamamoto and Tsunakawa
(2005) which worked on strong remanences of volcanic
whole rocks. The criteria we adopted are:

1. A primary component found in an orthogonal plot of
NRM demagnetization

2. f>0.3 in a NRM-TRM1* plot

3. R>0.90 in a NRM-TRM1* plot

4. Slope of a TRM1-TRM2* plot within 1£0.1

5. R>0.95 in a TRM1-TRM2* plot

where fis the NRM fraction of the primary component and
R is the correlation coefficients. Primary components were
identified on an orthogonal plot of NRM, and it associated
with MAD values <16°. By the LTD treatment, 5-15% of
the NRM was demagnetized. The demagnetized compo-
nents by LTD are attributed to the remanence carried by
PSD magnetite (Heider et al. 1992). By the above criteria,
9 out of 17 results were selected: two results were rejected
by the criteria of 1 and/or 3; six results were rejected due
to the criterion of 4. Typical examples of successful and
rejected results are, respectively, presented in Figs. 8, 9 and
10. Results of all 17 samples are summarized in Table 1.
Paleointensities obtained from the nine results range
between 43.1 and 77.9 uT, yielding an average of 57.4 uT
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Fig. 11 Summary of paleointensity and error (10) of plagioclase
compared with the whole rock. Black circles indicate results of each
plagioclase grain. Green circle denotes the mean of nine plagioclase
grains. Red square marks the mean of whole-rock measurements
(Tsunakawa et al. 2009)

Table 2 Anisotropy parameters of plagioclase samples
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and a standard deviation of 11.8 pT. Figure 11 shows an
individual plagioclase paleointensity as well as their average
together with the average paleointensity reported from the
whole rocks. The plagioclase average is in good agreement
with the average paleointensity reported from the whole
rocks, though the dispersion of plagioclase paleointensity is
slightly larger than that of the whole rocks.

Two protocols were employed for handling the anisot-
ropy bias on paleointensity ("Paleointensity experiments"
section). In both protocols, it was technically difficult to
impart ARMO accurately parallel to ChRM. Therefore, the
anisotropy bias on each sample would not be corrected
completely. The angular differences between ChRM and
ARMO were 24° at most. The possible canceling of anisot-
ropy bias by averaging a number of samples is discussed in
"Anisotropy effect on paleointensity” section. The proto-
col in which ARM1, ARM2, TRM1 and TRM2 were given

Sample name Mean ARM (10~1° Am?) Eigen values of remanence tensor P; T;
W, W, w3

9020 322 1.70 0.81 049 351 —0.20
9036 449 1.56 1.01 043 372 032
9099 1.77 1.50 092 0.58 2.60 —0.03
9054 2.14 142 093 0.65 2.19 —0.08
9070 2.14 1.36 0.90 0.74 1.87 -0.38
34,019 1.64 1.60 1.07 0.33 518 049
44,092 0.95 143 1.09 048 3.10 0.50
9035 3.06 1.40 0.86 0.74 1.96 —0.51
9047 2.54 1.23 1.04 0.73 1.70 037
9061 1.58 1.64 0.88 048 341 0.00
9113 3.08 157 0.83 0.60 268 —0.31
44,106 0.85 1.58 0.85 0.57 2.78 —-0.23
44,108 0.71 148 0.80 0.71 2.19 —067
11 1.16 1.65 0.86 049 335 —007
12 222 1.95 0.68 037 541 —0.26
16 1.81 1.56 0.99 044 3.58 0.28
36 2.14 1.64 0.92 044 3.76 0.12
55 1.91 148 1.20 032 517 0.72
68 1.35 1.79 0.64 0.57 352 —0.80
Median 1.56 0.90 049

Mean ARM average of the eigenvalues of ARM anisotropy tensor, w;, w, and w; maximum, medium and minimum eigenvalue of ARM anisotropy tensor normalized by

the mean ARM
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Fig. 12 Representative results on the anisotropy axes measurement on single plagioclase crystals. Sample holder coordinate (not oriented). Left
side, sample with prolate anisotropy; right side, sample with oblate anisotropy

along the Y axis seems to be more reproducible for the pre-
sent sample configuration, though the number of studied
samples was not enough to determine which protocol was
more suitable.

We found that ARM was larger than TRM in all plagio-
clase samples, in contrast to the whole-rock sample. This
has been reported as a peculiar feature of exsolved magnet-
ite by Usui et al. (2015).

Remanence anisotropy of plagioclase

ARM anisotropy tensors were estimated from the meas-
ured ARM,, ARM,, and ARM, for each plagioclase grain.
Eigenvalues and anisotropy parameters, corrected ani-
sotropy degree P, and shape factor T; (Jelinek 1981) were
calculated (Table 2). Positive and negative values of T; indi-
cate that the shape of the anisotropy ellipsoids is oblate and
prolate, respectively. Median of P, is 3.35 and T} varies from
+0.72 to —0.80. Typical results of analysis on anisotropy
directions and anisotropy parameters are shown in Fig. 12.
The directions of the anisotropy axes are identical for ARM
and TRM, and do not change by AFD. Hence, we used the
ARM anisotropy tensor as a proxy for TRM anisotropy
tensor in the discussion in "Anisotropy effect on paleoin-
tensity” section. P; increased after AFD, which could be
reasonable considering that grains with high aspect ratio
correspond to high coercivity components. The whole-rock
ARM was isotropic (P;=1.2, T;=—0.28).

Discussion

Anisotropy effect on paleointensity

Our paleointensity value could be either larger or
smaller than the true value depending on angles
between the anisotropy axes and directions of ancient
or laboratory fields (Paterson 2013). In our paleoin-
tensity experiments, anisotropy bias is mainly caused
by the directional difference between the external field
that gave the NRM, and the laboratory field that gave
the ARMO. Since the whole-rock sample was isotropic,
the plagioclase grains should be randomly oriented in
the host rock assuming that the ARM of whole rock is
mainly carried by plagioclase-hosted magnetite. There-
fore, the direction of the external field which gave NRM
should be random against the anisotropy axes of each
plagioclase grain. We calculated the anisotropy bias
between two remanence vectors given by randomly
oriented external fields with same intensity using the
typical anisotropy tensor with eigenvalues (w;, w,,
wy) = (1.56, 0.90, 0.49), assuming that the laboratory
field was also randomly oriented against the anisotropy
axes. Figure 13 shows the anisotropy bias (ratio of the
intensity of two remanence vectors) as a function of
the angular difference between two remanence vectors
(NRM and ARMO). In the present study, we obtained
paleointensity results from nine plagioclase sam-
ples; the angular difference between NRM and ARMO
for each sample was below 25°. In this condition, the
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Fig. 13 Anisotropy bias calculated from the typical anisotropy
tensor of plagioclase samples as a function of angle between
two remanence vectors (here assumed to be NRM and ARMO). An
anisotropy bias larger than 1 indicates that the paleointensity is
overestimated, and vice versa

anisotropy bias averaged for nine samples was within
1+0.1, and the standard deviation was below 25%.
Therefore, anisotropy bias is likely canceled by aver-
aging paleointensity results from nine samples in this
study. Also, the variation of the experimental results
(~20% of the mean value) was consistent with our cal-
culation. We concluded that accurate paleointensity
information can be derived from the mean paleointen-
sity values of an assembly of single plagioclase crystals,
while the large dispersion of paleointensity values is
constitutional for the randomly oriented anisotropic
grain assemblage.

Based on anisotropy measurements of plagioclase
crystals separated from an Archean granitoid, Usui et al.
(2015) demonstrated that (1) geometric mean instead of
arithmetic mean should be used, and (2) tens of crys-
tals would be needed to achieve reliable paleointensity
estimates. In the present study, the geometric mean and
the arithmetic mean are similar in the range of standard
deviation, so fewer crystals are required. This difference
can be attributed to the variation of the anisotropy effect;
the anisotropy tensor they used for estimates was more
anisotropic (corresponding to P;=6.21 and 7,=0.34)
than that used in the present study (corresponding to
P;=3.18 and T;=0.04). Since the shape and fabric of
exsolved magnetite vary among samples, the anisotropy
effect and how to get rid of it need to be studied carefully
for each rock.

In addition to remanence anisotropy, nonlinear TRM
acquisition is a major issue of exsolved magnetite paleo-
magnetism. In the case of the studied sample, the NRM/
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IRM ratio was lower than the TRM/IRM ratio of pre-
viously studied plagioclase crystals (Usui et al. 2015)
and rocks containing exsolved magnetite (Selkin et al.
2007). This implies that the nonlinear TRM acquisi-
tion may be insignificant for the obtained paleointensity
range (~60 pT). Also, there is a possibility that NRM of
exsolved magnetite is a thermochemical remanent mag-
netization (TCRM) rather than a TRM since the forma-
tion temperature of exsolved magnetite in plagioclase
is not clear (Feinberg et al. 2005). In that case, obtained
paleointensity could give the lower limit of the field
strength at the age, as TCRM acquisition is less efficient
than TRM acquisition (Stacey and Banerjee 1974; Usui
and Nakamura 2009).

Comparison of magnetic carriers of plagioclase
and whole-rock samples
Wakabayashi et al. (2006) and Tsunakawa et al. (2009)
predicted that most of the stable remanence of the Iri-
tono granite was carried by magnetite inclusions in
plagioclase. However, detailed rock-magnetic experi-
ments on plagioclase grains compared to the previously
reported whole-rock studies revealed that the distribu-
tion of blocking temperatures and grain sizes are differ-
ent between plagioclase crystals and the whole rock. The
pITRM distributions do not show any concentration in a
particular temperature interval below 550 °C for plagio-
clase samples, while about 10% of the whole-rock TRM
is carried by a low blocking temperature (300-500 °C)
component. Because the Iritono granite contains mag-
netite and pyrrhotite ("Rock-magnetic properties of zir-
con, Rock-magnetic properties of quartz, Rock-magnetic
properties of plagioclase” sections; Wakabayashi et al.
2006; Tsunakawa et al. 2009), the low blocking tempera-
ture component above 350 °C found in the whole-rock
TRM can be attributed to coarse-grained PSD and MD
magnetites. Hysteresis loop measurements also indi-
cate that magnetite in plagioclase has a narrow range of
grain size compared to the whole rock (Fig. 6d). In addi-
tion, the results of the whole-rock experiments exhibit a
bimodal distribution according to different paleointensity
methods which suggest the influence of non-ideal mag-
netic minerals, and alternation of such minerals which
could not be detected or suppressed completely. On the
other hand, plagioclase samples mostly contain nearly-
pure, fine-grained magnetite as the magnetic carriers.
Nevertheless, the magnetic carrier of plagioclase crys-
tals and the whole rock was different in terms of dis-
tribution of grain size and blocking temperatures, and
the estimated paleointensity was consistent among
them. Therefore, we conclude that a reliable paleoin-
tensity was obtained successfully. Because of the more
‘ideal’ magnetic carrier, paleointensity experiments on
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single plagioclase with exsolved magnetite inclusions
can potentially give more reliable and informative pale-
ointensity results than the conventional whole-rock
experiments.

Effect of cooling rate on paleointensity

The extremely slow cooling of granitic rocks compared
to laboratory timescales may require a correction to the
paleointensity estimate due to the time dependence of the
acquisition of TRM, which varies by size and aspect ratio
of the magnetic grains (Halgedahl et al. 1980; Selkin et al.
2000; Yu 2011). Results on magnetic hysteresis measure-
ments of plagioclase grains are plotted in the PSD region
on the Day plot (Fig. 6d), which could be interpreted as
a mixture of a range of grain size and aspect ratio. The
stable remanence that is involved in paleointensity meas-
urements is carried by SD to PSD magnetite. Based on
SD theory (Halgedahl et al. 1980; Selkin et al. 2000) and
the estimated cooling time of the Iritono granite body,
Tsunakawa et al. (2009) argued that the ratio of TRM
in nature to TRM in laboratory would be 1.5 for the SD
components. On the other hand, PSD grains have insig-
nificant cooling rate dependence on TRM acquisition
(Yu 2011). The cooling rate corrected paleointensity
value of 38.2+7.9 uT assuming SD magnetite gives the
lower limit of the paleointensity, since the PSD magnet-
ite should give higher paleointensity value. Therefore,
corresponding cooling rate corrected VDM value of
8.94 1.8 x 10> Am? using the paleointensity value of pla-
gioclase crystals and inclination of the H component of
the whole rock in Wakabayashi et al. (2006) can impose a
constraint on the lower limit of paleointensity at the age
of 115 Ma.

Significance of Shaw-type paleointensity methods

on single crystals

This is the first report applying the Tsunakawa—Shaw
paleointensity method to single grain samples. Consid-
ering that several results were rejected because of severe
alternation during laboratory heating, a Shaw-type
method, in which number of heating in laboratory are
minimized, seems to be more appropriate than a Thellier-
type method. Furthermore, the ThD curves of plagio-
clase crystals (Fig. 6f) show a very narrow distribution
of blocking temperature below the Curie temperature of
magnetite (530-580 °C), while the AFD curve (Top-right
diagram in Fig. 8) show broad distribution of coercivity
(50-150 mT). This emphasizes an advantage to estimate
a paleointensity not in a blocking temperature space (by
a Thellier-type method) but in a coercivity space (by a
Shaw-type method), especially for a magnetically weak

Page 17 of 19

sample such as single crystals. Thus the Tsunakawa—Shaw
method could be more suitable than the Thellier—Thellier
methods in the case of plagioclase sample containing
exsolved magnetite, while these methods should be com-
pared in the future paleointensity study using appropriate
samples.

Paleointensity during middle CNS

Considering the possible TCRM origin of NRM and the
contribution of PSD grains on the cooling rate correction,
the VDM value of 8.941.8 x 10*> Am? gives the lower
limit of the time-averaged field strength during the mid-
dle age of CNS. Average field strength of the periods of
frequent reversals have been estimated as the VDM value
of the past 5 million years from the Society Islands vol-
canic rocks (3.6x 10*2 Am? Yamamoto and Tsunakawa
2005), and the virtual axial dipole moment (VADM)
value of 0-160 Ma excluding CNS period from subma-
rine basalt glass samples (4.8x 10* Am?% Tauxe 2006).
The present result suggests that the time-averaged field
strength during middle CNS was several times as large as
that of non-superchron periods, supporting the predic-
tion by dynamo models and simulations (e.g. Larson and
Olson 1991; Glatzmaier et al. 1999; Kutzner and Chris-
tensen 2002; Christensen and Aubert 2006; Olson and
Christensen 2006; Courtillot and Olson 2007; Takahashi
et al. 2008; Olson et al. 2010). By applying the present
paleointensity method to various granitic rocks from dif-
ferent ages, we may be able to improve our understand-
ing of the long-term behavior of the geomagnetic field
concerning the mantle convection process without the
complications of unideal magnetic minerals that often
compromise such work.

Conclusion

We have evaluated the utility of using single silicate crys-
tals separated from granitic rocks in the exploration the
long-term evolution of the intensity of the geomagnetic
field. We studied the rock-magnetic properties of zircon,
quartz and plagioclase separated from the Iritono gran-
ite whose paleointensity was already well constrained by
past studies using whole-rock samples. In our samples
we found that plagioclase was the most suitable min-
eral phase to study, which was more reliably and stably
magnetic than other minerals like zircon or quartz. We
conducted paleointensity experiments on 17 plagioclase
grains using the Tsunakawa—Shaw method. Nine sam-
ples were successful and gave mean paleointensity values
of 57.4+11.8 pT. This value is consistent with the pre-
viously reported whole-rock paleointensity, suggesting
that an assembly of single plagioclase crystals separated
from a granitic rock has the ability to yield the accurate
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paleointensity data. Considering the unknown forming
temperature of exsolved magnetite and cooling rate effect
on TRM acquisition, time-averaged VDM is estimated to
be higher than 8.941.8x 10*> Am? at the age of 115 Ma,
suggesting high dipole strength during the middle age of
CNS.
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