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Abstract

Single silicate crystals hosting tiny magnetic inclusions are remarkable targets to study the palecintensities

of the Earth and extraterrestrial samples. Since the pioneering work done in late 1990s, paleointensity studies using
various silicate minerals such as feldspar, quartz, zircon, pyroxene, and olivine with magnetic inclusions trapped dur-
ing grain growth or exsolved from the host phase have been reported. It has been shown that some single crystals
have the ability to record paleomagnetic information as reliable or more reliable than the whole rock, by direct
comparison of the obtained paleointensity estimate from single crystal and the whole-rock sample or the magnetic
observatory data. Various rock-magnetic studies also support the fidelity of these crystals. Here, we provide a brief
review of the rock-magnetic characteristics of the single crystals, the mineralogical background of the hosting sili-
cates, and experimental procedures developed to obtain reliable data from magnetically weak samples with distinc-
tive rock-magnetic features. We also overview the studies on paleointensity and related topics on various terrestrial
and extraterrestrial samples published mainly after the comprehensive reviews in late 2000s. The present review cov-
ers the advantages as well as the limitations and caveats of paleointensity studies using single crystal samples and will
help readers who wish to utilize this technique in their research.
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Magnetite inclusions in plagioclase

Glass plate holders for single silicate crystals

Introduction

The strength of the geomagnetic field is an important
characteristic throughout the history of the Earth, which
is related to the activity of the liquid core (e.g., Olson and
Christensen 2006) and affects the surface environment
via the interaction with the solar wind (e.g., Tarduno
et al. 2014). Paleointensity can be estimated by compar-
ing the strength of the natural remanent magnetization
(NRM) of geologic samples to those acquired in a known
field in the laboratory. However, such attempts are often
hampered by various matters, and obtaining reliable data
is challenging.

The alteration of magnetic minerals that has occurred
in nature and may occur during laboratory heating is
a critical issue in paleointensity experiments. Several
experimental protocols have been designed to detect and
to correct for the thermal alteration during heating and
other non-ideal behavior of the magnetic particles (e.g.,
Coe 1967; Tsunakawa and Shaw 1994; Yamamoto et al.
2003; Tauxe and Staudigel 2004). However, the older the
sample, weathering and other alteration in nature tends
to become more severe and samples that are suitable for
paleointensity estimate get rarer. Another issue is that the
rock-magnetic properties of the samples are not always
appropriate for recording paleomagnetic information
over geological times. Intrusive rocks are important tar-
gets especially for studying older ages, but often contain
coarse-grained magnetite that are magnetically unstable
and show an undesirable behavior during the paleointen-
sity measurements.

One approach to extend the range of samples
for paleointensity study is to extract a portion that

contains magnetically and chemically stable magnetic
particles exclusively. Single silicate crystal paleointen-
sity (SCP) is a procedure which separates single crys-
tals of rock-forming silicate minerals containing tiny
magnetic inclusions and use them for paleointensity
experiments (Cottrell and Tarduno 1999; Tarduno et al.
2006; Tarduno 2009). By selecting appropriate crystals,
one can obtain samples containing only single domain
(SD) and/or pseudo single domain (PSD) magnetite,
avoiding multi domain (MD) particles. They are less
susceptible to thermal alternation in nature and during
laboratory heating as the magnetic particles are encap-
sulated in the host mineral. Another significant advan-
tage of this method is that the most suitable specimens
can be selected from a large number of candidates even
with different mineralogy, from a piece of a rock of the
same size as a conventional whole-rock sample.
Reliability of the SCP method has been checked by
comparing the obtained paleointensity value to the
observed value at the age when the sample was formed,
and to those from the bulk sample of the same rock.
Cottrell and Tarduno (1999) conducted SCP experi-
ments on single plagioclase crystals separated from
a basalt flow in Kilauea, Hawaii erupted in 1955 and
showed that the obtained value agrees with the value
recorded at the Honolulu Magnetic Observatory nearby
and that reported from whole-rock samples of the same
locality. They also demonstrated that single plagioclase
crystals give more reliable estimate than the whole rock
in the case of the Rajmahal Trap basalts (113-115 Ma,
India) which contain clay minerals in the groundmass
and are prone to thermal alteration during laboratory
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heating (Cottrell and Tarduno 2000). Sato et al. (2015a)
showed that selected zircons in fluvial sands collected
in the Tanzawa plutonic complex, Japan (ca. 5 Ma; Tani
et al. 2010), yield paleointensity consistent with the age
of the base rocks by a simple NRM/thermoremanent
magnetization (TRM) experiment. Using the Bishop
tuff (767.1 ka, USA), Fu et al. (2017) reported that zir-
cons can retain a mean paleointensity value roughly
consistent to that from the whole rock (Gee et al. 2010),
after excluding data from possible maghemite-bearing
grains. For intrusive rocks, Kato et al. (2018) showed
that single plagioclase crystals with exsolved magnet-
ite separated from the Iritono granite (115 Ma, Japan)
recorded paleointensity comparable to that from the
whole rock (Tsunakawa et al. 2009) (Fig. 1). Rock-mag-
netic studies including magnetic hysteresis, first-order
reversal curves (FORC) diagrams and low-temperature
magnetometry support that these single crystal samples
are magnetically stable recorders of the ancient field
(e.g., Cottrell and Tarduno 1999; 2000; Tarduno et al.
2002; 2006; 2007; 2010; 2012; 2021; Smirnov et al. 2003;
Tarduno and Cottrell 2005; Cottrell et al. 2008; Tar-
duno 2009; Usui and Nakamura 2009; Muxworthy and
Evans 2012; Bono and Tarduno 2015; Sato et al. 2015a,
b; Usui et al. 2015; Usui and Tian 2017; Kato et al. 2018;
Bono et al. 2019a, b; Nakada et al. 2019; Zhou et al.
2022). Studies have shown the higher dominance of SD
and/or PSD particles in single crystal samples in com-
parison to the whole rock, especially in intrusive rocks
(e.g., Tarduno et al. 2002; 2006; 2007; 2010; Smirnov
et al. 2003; Tarduno and Cottrell 2005; Wakabayashi
et al. 2006; Cottrell et al. 2008; Tarduno 2009; Bono and
Tarduno 2015; Usui et al. 2015; Kato et al. 2018; Zhou
et al. 2022). Therefore, a reliable paleointensity value
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Fig. 1 Paleointensity from single plagioclase crystals compared
to those from whole-rock samples. Reproduced from Fig. 11 in Kato
etal. (2018)
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may be obtained by SCP technique even if a whole-rock
sample is not suitable for paleomagnetic investigations.
In summary, it has been shown that in various samples
single crystals are reliable recorders of paleointensity,
comparable to or better than the whole rock.

The SCP was developed by Cottrell and Tarduno
(1999) and has been actively carried out by their group.
The achievements in the first decade and outlook for the
future are documented in two review articles by Tarduno
et al. (2006) and Tarduno (2009). Tarduno et al. (2006)
provided a comprehensive review of early studies on min-
eralogy, techniques, obtained paleointensity data, and the
significance in Earth and planetary sciences. They also
presented a vision for study areas in the future, including
application to Archean and older rocks and detrital zir-
cons to reveal the early history of the geodynamo, poten-
tial and caveats of intrusive rocks and exsolved magnetic
minerals, and studies of extraterrestrial samples. The
subsequent review by Tarduno (2009) described updates
including application to Precambrian Earth and use of
oriented samples.

Now, SCP and related studies have been conducted
by several research groups, and there have been many
advances in the mineralogical background and improve-
ments in measurement techniques, as well as new pale-
ointensity data since the publication of the above reviews.
This article aims to provide a guide on mineralogy of the
studied samples and experimental techniques for readers
interested in this field. We also overview the geophysi-
cal achievements of SCP studies on both terrestrial and
extraterrestrial samples. The topics presented here are
mainly from studies published after Tarduno et al. (2006)
and Tarduno (2009), although there are some overlap due
to the nature of a review.

Characteristics and mineralogical backgrounds

of various silicate minerals used in paleointensity
studies

Paleointensity estimate requires information on the ori-
gin of the magnetic record of the sample (ie., type of
remanence, (un)blocking temperature, and cooling rate)
and how it is recorded (e.g., remanence anisotropy of the
sample) for selecting appropriate samples to study and
properly interpreting the results obtained. These aspects
are intimately linked to the origin of the magnetic miner-
als that carry the remanence of the sample.

There are at least two contrasting origins of the mag-
netic particles that carry the magnetization of single sili-
cate grains; one is the incorporation into the host mineral
during its crystallization and the other is the exsolution
from the host phase (Tarduno et al. 2006). The former
can take place for any mineral kind in principle, while the
latter occurs in feldspars, pyroxenes, amphibole, olivine,
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and perhaps other minerals. If the magnetic inclusions
are xenocrysts trapped during magmatic crystallization
of the host phase, they were most likely formed at tem-
peratures well above its Curie point, and magnetic ani-
sotropy is generally not a severe concern. Therefore, the
process of remanence acquisition and interpretation of
the results of paleomagnetic measurements are straight-
forward. On the other hand, a large number of samples
need to be screened to select those with suitable mag-
netic properties for paleointensity experiments. One
should exclude those with insufficient magnetization or
those containing coarse-grained, magnetically unstable
particles (Tarduno et al. 2006). If the magnetic inclu-
sions are exsolved magnetite, the situation might be more
complex. Exsolution of magnetite sometimes (but not
always) results in preferred orientation of long needles
causing strong magnetic anisotropy, and requires spe-
cific treatment considering it upon paleomagnetic inves-
tigations. In addition, if crystallization/crystal growth of
the exsolved magnetite occurred at temperatures lower
than the Curie point, the sample have acquired thermo-
chemical remanent magnetization (TCRM) and it is dif-
ficult to estimate an accurate paleointensity (e.g., Dunlop
and Ozdemir 1997; Smirnov and Tarduno 2005). On the
other hand, fine and acicular magnetite dispersed in the
host silicate mineral result in high coercivity (Tarduno
et al. 2006); this nature makes it a suitable paleomagnetic
recorder.

In the following subsections, we overview the mag-
netic characteristics of silicate crystals used in SCP and
related studies, and discuss the issues related to exsolved
magnetite.

Minerals employed in SCP and related studies, and their
magnetic carriers

Plagioclase feldspar in basalt lava was the first mineral
employed in SCP studies (Cottrell and Tarduno 1999).
Large plagioclase phenocrysts up to few millimeters in
diameter grown in the magma chamber containing SD
to PSD like magnetite inclusions are suited for isolating
single crystals and paleomagnetic measurements. Feld-
spars are contained in a wide range of igneous rocks, and
thus, most frequently used in SCP studies (e.g., Cottrell
and Tarduno 1999; 2000; Tarduno et al. 2001; 2002; 2007;
2021; Tarduno and Cottrell 2005; Smirnov et al. 2003;
Cottrell et al. 2008; Usui and Nakamura 2009; Kato et al.
2018; Bono et al. 2019a; Zhou et al. 2022). Note that some
of these studies were on feldspar grains with xenocrystic
magnetite, and the others were on grains with exsolved
magnetite as a dominant magnetic carrier. Feldspars are
relatively easy to be weathered and transformed into
altered minerals such as clay minerals. Nonetheless, they
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are suitable in studies on relatively young volcanic rocks
and well-preserved intrusive rocks.

Quartz is also a candidate for SCP studies especially
for old acidic rocks since it is a major constituent of
crust-forming rocks and is resistant against weather-
ing. To avoid difficulties caused by MD magnetic parti-
cles, crystals that do not show visible inclusions under
the microscope should be selected (Tarduno et al. 2007).
The magnetic carrier of such clean quartz crystals is
confirmed to be magnetite in SD to PSD state, based on
magnetic hysteresis and low-temperature magnetometry
(Tarduno et al. 2007; 2010; Kato et al. 2018).

Zircon is a distinctive target due to its ability of U-Pb
dating by single grain and its chemical and mechani-
cal sturdiness. Owing to these advantages, zircon is the
only mineral for which paleointensity has been reported
from single detrital grains (Tarduno et al. 2015; 2020;
2023). The oldest reported paleointensity dates back to
4.2 Ga from zircons from the Jack Hills, Western Aus-
tralia (Tarduno et al. 2015). For those extremely old sam-
ples that experienced a complex history of reheating and
alteration, careful assessment of the age of magnetization
acquisition is necessary (see 4.1. Terrestrial samples).
The Jack Hills zircons contain both primary and second-
ary magnetic mineral inclusions, as revealed by exten-
sive microscopic investigations (e.g., Tarduno et al. 2015;
2020; Weiss et al. 2018; Tang et al. 2019; Taylor et al.
2023). Like in many cases of ancient rocks and crystals,
care must be taken to distinguish magnetizations held by
primary and secondary magnetic particles. Pre-screening
of zircon crystals to avoid cracks and obvious alteration
features can minimize the risk, as secondary magnetic
minerals reside in cracks (Tarduno et al. 2015; 2020;
2023; Borlina et al. 2020). If secondary magnetic miner-
als are identified, it is important to determine if they dis-
rupt the primary remanence. For example, oxyhydroxides
formed by weathering have low (<130 °C) unblocking
temperatures and are easily removed during the initial
stages of thermal demagnetization, and secondary mag-
netite particles with insufficient grain size and number of
particles do not hold a stable remanence (Tarduno et al.
2020).

Pyroxenes are also present in various igneous rocks,
and have been utilized for SCP and related paleomag-
netic studies in both terrestrial (Muxworthy and Evans
2012; Bono et al. 2019a) and extraterrestrial (Tarduno
et al. 2021) samples. Bono et al. (2019a) studied pale-
ointensity on both plagioclase and clinopyroxene from
the same Septiles intrusive suite anorthosite sample
(~565 Ma) and obtained comparable results, while the
NRM intensities of the clinopyroxene grains were 1 to
3 orders of magnitude greater than those of feldspars.
Studies on the mechanism and temperature of magnetite
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exsolution in pyroxenes are also reported (see 2.2. Miner-
alogical background and rock-magnetic features of crys-
tals with exsolved magnetite).

For terrestrial samples, olivine has not been used for
SCP studies due to the low tolerance for alteration which
produces secondary magnetite. On the other hand, oli-
vine crystals in extraterrestrial samples have been used
for the SCP studies (Tarduno et al. 2012; Fu et al. 2014;
Borlina et al. 2021). The olivine crystals in the pallasite
meteorites and chondrules do not suffer from severe
alteration and these crystals contain pristine fine-grained
metals, which are suitable paleomagnetic recorders (see
4.2. Extraterrestrial samples).

The ‘inverse microconglomerate test’ was developed
and performed on the chrome mica fuchsite grains from
the Jack Hills (Cottrell et al. 2016). Fuchsite is a metamor-
phic mineral and the magnetic carriers were indicated to
be relict Fe—Cr spinel inclusions by scanning electron
microscope (SEM) and energy dispersive X-ray spectros-
copy (EDS) analyses. The unblocking temperature of the
fuchsite grains was between ~ 270 and 340 °C, lower than
the peak metamorphic temperature of the area, and thus,
the paleomagnetic record of those grains aid in an under-
standing of the histories of metamorphic reheating and
deformation (see 4.1. Terrestrial samples).

Mineralogical background and rock-magnetic features

of crystals with exsolved magnetite

Exsolution is the precipitation of an over-saturated com-
ponent which occurs when the solubility of, in this case,
iron in the host phase decreases due to changes in ther-
modynamic conditions, typically, decrease in tempera-
ture. Since the exsolution and the grain growth of the
exsolved phase at sub-solidus conditions are time con-
suming, exsolved magnetite is an important magnetic
source in intrusive rocks rather than in volcanic rocks
(Tarduno et al. 2006). In some cases, exsolved magnetite
in silicate crystals is the main carrier of the stable rema-
nence component of the whole rock (e.g., Wakabayashi
et al. 2006; Muxworthy et al. 2013; Usui 2013).

Exsolved magnetite often develops as needles or plates
along specific crystallographic orientations of the host
mineral (e.g., Fleet et al. 1980; Davis 1981; Feinberg et al.
2004; Wenk et al. 2011; Bono and Tarduno 2015; Usui
et al. 2015; Ageeva et al. 2017; Bian et al. 2021; Zhou et al.
2022). Figure 2 shows an example of a plagioclase grain
with exsolved magnetite rods. Such textures are expected
to form to minimize the elastic strain energy derived
from macroscopic misfit and the interfacial energy that
comes from lattice mismatch at the phase boundaries
(e.g., Ageeva et al. 2020). In terms of paleomagnetic
studies, strong shape anisotropy arising from such min-
eralogical structure results in high coercivity, while very
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Fig. 2 Microscopic image of a plagioclase crystal extracted

from the Iritono granite, Japan. Snaps of different focal depths are
stacked. From Fig. 7 in Kato et al. (2018)

strong remanence anisotropy requires special treatment
upon reconstruction of paleointensity and paleodirection
(Feinberg et al. 2006; Usui and Nakamura 2009; Usui et al.
2015). However, this is not always the case; plagioclase
and clinopyroxene crystals in some anorthosites have
very fine needles with minor net anisotropy as demon-
strated by TRM anisotropy experiments (e.g., Bono et al.
2019a; Zhou et al. 2022). Typical rock-magnetic features
common to plagioclase and pyroxene with exsolved mag-
netite is the presence of distinct Verwey transition (Usui
and Nakamura 2009; Sato et al. 2015b; Kato et al. 2018;
Nakada et al. 2019) and FORC diagrams showing a nar-
row horizontal ridge along the horizontal axis (Muxwor-
thy et al. 2013; Sato et al. 2015b; Usui et al. 2015; Zhou
et al. 2022), indicating that the exsolved magnetite par-
ticles are low-Ti, well-crystallized, and non-interacting
SD grains or PSD grains with nonuniform magnetization
such as vortex states (Fig. 3). Therefore, plagioclase and
pyroxene with exsolved magnetite could be highly stable
recording media of the ancient field.

The temperature at which the magnetite inclusions
were formed is critically important in estimating pale-
ointensity since it affects whether the remanence was
purely thermal or influenced by chemical processes
(Tarduno et al. 2006). Current paleointensity meth-
ods assume TRM, and only the lower limit of the field
intensity can be obtained if the sample had acquired a
TCRM (e.g., Dunlop and Ozdemir 1997; Smirnov and
Tarduno 2005). The formation of remanence-carry-
ing particles can be divided into two steps: exsolution
from the host phase and decomposition of the exsolved
titanomagnetite into low-Ti magnetite and ulvospi-
nel or ilmenite (Feinberg et al. 2005; Bian et al. 2021).
For clinopyroxene, titanomagnetite exsolution from
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Fig. 3 Rock-magnetic measurements of a plagioclase sample from a layered gabbro from the southern part of the Oman ophiolite (Sumail

massif; 23.470N, 58.190E). a Low-temperature measurements. Red circles, blue squares, and green diamonds show thermal demagnetization
during zero-field warming (ZFW) for an isothermal remanent magnetization (IRM) imparted in a field of 2.5 T at 10 K after zero-field cooling

from 300 K (ZFC remanence), thermal demagnetization during ZFW for a remanence given by field cooling from 300 to 10Kin a field of 2.5 T (FC
remanence), and low-temperature demagnetization (LTD) cycle for saturation IRM (SIRM) imparted in a field of 2.5 T at 300 K (RT-SIRM), respectively.
b The FORC diagram calculated using a smoothing factor of 3. From Fig. 1 in Sato et al. (2015b)

the host phase was estimated to occur at 540+25 °C
in ultramafic rocks from the Duke Island Complex,
Alaska (Bogue et al. 1995), and at approximately 850 °C
in gabbros from the Messum Complex, Namibia (Fein-
berg et al. 2004), as already reviewed by Tarduno et al.
(2006). Although such an estimation tool has not been
established for plagioclase, the exsolution tempera-
ture is considered to be high since the solubility of Fe

in plagioclase decreases with decreasing temperature
(Feinberg et al. 2005).

The exsolved titanomagnetite sometimes decomposes
into fine lamellae of low-Ti magnetite and ulvospinel. The
decomposition has a non-negligible impact on paleomag-
netic studies; coercivity increases by decreasing mag-
netic grain size and the possibility of TCRM acquisition
raises. Lamellae of ilmenite and/or ulvospinel in exsolved
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magnetite needles and plates have been found in various
lithologies (e.g., Feinberg et al. 2005; Wenk et al. 2011;
Ageeva et al. 2017; Bian et al. 2021). The temperature
at which the lamellae formed can be constrained from
the mineral/chemical composition, texture, and miner-
alogical relationship with the host magnetite. Feinberg
et al. (2005) found a boxwork texture where magnetite
is segmented by ulvospinel lamellae in the interior of the
exsolved titanomagnetite in the Messum clinopyroxenes.
They argued that magnetic ordering at the Curie point
(~500 °C) promoted the unmixing to magnetite and
ulvospinel (Burton 1991; Ghiorso 1997), and the magnet-
ite with higher Curie point (~550 °C) acquired TCRM.
Bian et al. (2021) studied plagioclase hosted magnetite
micro-inclusions from oceanic gabbro dredged at the
mid-Atlantic ridge, which contained oriented lamellae
of ilmenite. Based on the abundance, shape, and size of
the ilmenite lamellae, they concluded that it was formed
at temperatures above ~600 °C via either the oxidation-
exsolution of the Fe,TiO, component in Ti-rich mag-
netite, or direct exsolution from non-stoichiometric
magnetite.

SCP study would be greatly facilitated if we could know
the rock samples containing the suitable silicate crys-
tals for SCP study on the basis of petrologic informa-
tion. The exsolution of magnetite should be related to
the cooling rate, iron content, and oxygen fugacity. The
crystallization and grain growth of exsolved magnetite at
sub-solidus temperature is a slow phenomenon, and the
rock with a slow cooling rate at around sub-solidus tem-
perature should contain a significant amount of exsolved
magnetite. The rock with a high iron content tends to
contain exsolved magnetite, because a lot of iron parti-
tions into plagioclase and the iron content in plagioclase
crystal exceeds its solubility at lower temperature. These
conditions are likely reflected in the fact that plagioclase
grains suitable for SCP study are more common in gab-
bros than in basalts and granites. The oxygen fugacity
conditions should have a significant role on the amount
and shape of exsolved magnetite. Higher oxygen fugac-
ity during crystallization and grain growth increases the
partitioning of Fe into plagioclase (Sugawara 2001). The
diffusivity of Fe ion in plagioclase relates to oxygen fugac-
ity because of the higher diffusivity of Fe>* compared
to Fe®' in plagioclase (Behrens et al. 1990). Moreover,
the solubility of iron in the plagioclase at around sub-
solidus temperature should relate to the valence state
of iron. Nakada et al. (2019) compared the total Fe and
Fe?*/XFe of plagioclase samples from two mafic-plutonic
rocks; gabbroic anorthosite FC1 in the Duluth complex
(USA) which have significant amount of exsolved mag-
netite, and a medium-grained gabbro MT-08-206 from
the Murotomisaki gabbroic intrusion (Japan) which was
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practically non-magnetic. They revealed that the total
Fe was higher in the MT-08-206 plagioclase and that the
Fe?*/XFe ratio was higher in FC1 plagioclase, suggesting
that the diffusivity of iron may affect the effective amount
of Fe available for exsolution. Bian et al. (2021) noted that
partial reduction of Fe>* and extraction of oxygen from
the plagioclase is necessary to form exsolved magnetite,
which may have occurred in their studied samples via
interaction with reducing fluids associated with the ser-
pentinization of ultramafic rocks. Further understanding
of the mechanism of exsolution will help us to predict
which intrusive rocks contain single crystals suitable for
SCP studies, but currently we are far from it.

Experimental techniques for SCP studies

The magnetization of single silicate minerals is several
orders of magnitude weaker than that of conventional
whole-rock samples. Therefore, it is important to reduce
the magnetic contamination and increase the sensitivity
of the equipment to obtain credible results. In addition,
some of the single crystals show large magnetic anisot-
ropy that require specific consideration and protocols to
assess and correct the effects of anisotropy of remanence
and non-linear in remanence acquisition. In this section,
we review the experimental techniques and protocols
adopted following the procedures of SCP studies.

Field sampling strategies and screening procedures
Unfortunately, there is currently no established method
to predict which rocks contain crystal grains suitable for
SCP. Therefore, the basic strategy to conduct sampling
over a wide area should be employed, considering the age
and the thermal and/or metamorphic history. One should
seek for unaltered crystals using hand lenses in the field
and higher power microscopes in the lab. It is well estab-
lished that alteration can occur on<1 to>10 m or grater
scales, whereas small domains can retain fresh crystals.
Since the existence/absence of crystals containing mag-
netic minerals and their magnetic mineral composition
likely vary in meter scales even in a single intrusive unit,
a screening based on pilot samples is important to nar-
row down the potential sampling sites.

Rock samples generally contain multiple types of sili-
cate minerals, and thus, there are a large number of can-
didate silicate minerals for all sampling sites. An efficient
screening of sampling sites and/or mineral types suit-
able for paleomagnetic investigations is absolutely essen-
tial prior to the systematic paleointensity experiments
which takes time and effort. There are two main points
to be screened at this stage: strength of the magnetic
moment and the rock-magnetic properties such as the
magnetic mineral composition and magnetic grain size
distribution.
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The lower bounds of recordable magnetizations are
derived from a fundamental assumption of paleomag-
netism that a sample contains a sufficient number of
magnetic particles for statistical thermodynamics (Max-
well-Boltzmann statistics) to be met. Berndt et al. (2016)
calculated the number of magnetic particles in a speci-
men required from this perspective, and concluded that a
TRM of 107! Am? is needed for the 1% confidence limit
for paleointensity and 1° confidence limit for ays of paleo-
direction. Note that this value should be compared to the
change in magnetization where the paleointensity esti-
mates are made, but not the initial (total) NRM. Follow-
ing the assumptions of Berndt et al. (2016), a relatively
large statistical error should be considered in addition
to errors from other sources when the magnetization
of the sample is smaller than 107! Am? These poten-
tial errors can be identified and if present addressed by
measurements on multiple samples collected following
standard paleomagnetic sampling methods (e.g., Tarduno
et al. 2002; Bono et al. 2019a; Zhou et al. 2022). Another
consequence of the Maxwell-Boltzmann constraints is
that a small number of secondary magnetic particles are
unlikely to retain a coherent magnetization, disrupting
the primary signal of a crystal.

Magnetic hysteresis can be measured for single sili-
cate crystals using an alternating gradient magnetom-
eter (AGM) or a magnetic property measurement system
(MPMS), and is powerful and convenient for rock-mag-
netic screening of mineral types to use in paleomagnetic
investigations (e.g., Tarduno et al. 2006; 2007; Kato et al.
2018). FORC diagrams of single silicate crystals can be
measured using the AGM, and are employed to inves-
tigate the magnetic domain state distribution and mag-
netic interaction. Low-temperature magnetometry using
the MPMS is a strong tool to check the magnetic min-
eral composition and dominant magnetic domains of
single silicate crystals (e.g., Sato et al. 2015a; Kato et al.
2018). The Verwey transition at ~ 120 K is an indicator of
low-Ti, well crystalline magnetite (Ozdemir et al. 1993;
Moskowitz et al. 1998), and monoclinic pyrrhotite (Fe;S)
can be detected by the presence of the Besnus transition
(Besnus and Meyer 1964; Dekkers et al. 1989; Rochette
et al. 1990) at ~ 30 K. Comparison of the strength of field-
cooled (FC) remanence acquired by cooling the sample in
high DC field to low temperature and zero-field-cooled
(ZEC) remanence acquired by cooling the sample in zero
field and applying high DC field at low temperature pro-
vides information on grain size; FC remanence larger
than ZFC remanence indicate the dominance of SD and
fine-grained PSD magnetite (Moskowitz et al. 1993;
Carter-Stiglitz et al. 2001; 2002; Kosterov 2003). Direct
observation by SEM and chemical analysis by EDS are
helpful to understand the mineralogy and morphology
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of the magnetic particles, but should be combined with
rock-magnetic measurements which provide the mag-
netic characteristics of the bulk grain.

Separation of single crystals for paleomagnetic
measurements

Oriented samples of single crystals can be obtained by
isolating the target crystal in a thin section cut from a
rock sample (e.g., Geismann et al. 1988; Cottrell and
Tarduno 2000; Tarduno et al. 2007; 2020; Bono and Tar-
duno 2015). Thin sections thicker than usual (for exam-
ple,>1 mm, depending on the grain size) are made for
this purpose. Before slicing the sample, a fiducial notch
for the orientation should be cut in the side of the sam-
ple, and orientation grids should be scribed on the sur-
face after slicing. Portions in the thin section other than
the desired single crystal are mechanically trimmed off,
or abraded away using alumina or other etching pow-
der. Finally, the section is cut into smaller subsections
that consist of a single crystal. Sonication at each step
and rinsing by hydrochloric acid (HCI) is effective in
preventing contamination. During this process, samples
may experience heating up to about 100 °C. Tungsten,
diamond, or brass wire saws are used in cutting out the
‘thick’ thin sections and subsampling from them (e.g.,
Fu et al. 2014; 2020; Bryson et al. 2020a). Non-magnetic
Dremel type hand tools (e.g., Bezaeva et al. 2014; Font
et al. 2014) may also be used.

Unoriented single crystal samples are obtained by
crushing rock samples using non-magnetic tools. Large
grains of feldspars, quartz and pyroxenes may be selected
by eyes, and sorting by sieves with appropriate mesh
opening help getting specific minerals, such as zircon,
with a certain grain size. To concentrate zircons, aque-
ous panning technique and heavy liquid separation are
effective (e.g., Sato et al. 2015a; Kato et al. 2018; Fu et al.
2017; Tarduno et al. 2023). Care must be taken to ensure
the heavy liquids are pure; the materials should not be
reused for each separation to avoid contamination. For
any silicate mineral, grains with no visible cracks or large
opaque inclusions should be selected (e.g., Tarduno et al.
2006; 2015) under the binocular stereo microscope using
non-magnetic tweezers. Sonication and/or rinsing by
HCI are adopted to remove invisible surface magnetic
contamination. This method is suitable when using sam-
ples with relatively small particle sizes, which are difficult
to cut out, or when a large number of samples are needed
to be processed.

Instruments for remanence measurements

and paleointensity experiments

Three-component DC superconducting quantum inter-
ference device (SQUID) magnetometers, scanning
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SQUID microscope (SSM), and quantum diamond
microscope (QDM) are employed for SCP and related
studies.

An ultrasensitive 3-component DC SQUID mag-
netometer with a sample hole of 6.3 mm in diameter (2G
Enterprises) is used for the SCP studied in Tarduno et al.
(2010; 2012; 2015; 2020; 2021; 2023). This magnetometer
has a sensitivity one order of magnitude higher than that
of SQUID magnetometers with a 42 mm bore hole (2G
Enterprises Model 755). Tarduno et al. (2015) mounted
their zircon samples (>150 yum) at the end of 0.5 mm
fused quartz square tubes, and set them on the end of
a quartz rod of 2.0 mm in diameter for translation into
the measurement space of the SQUID magnetometer.
The magnetization of these tubes and rods was<1x107*3
Am?,

Conventional DC SQUID magnetometers (2G Enter-
prises Model 755 or 760) are also used in many studies
(e.g., Cottrell and Tarduno 1999; Tarduno et al. 2007;
Usui and Nakamura 2009; Sato et al. 2015a; Kato et al.
2018; Bono et al. 2019a, b). In Kato et al. (2018), sin-
gle crystal sample of zircon, quartz and plagioclase
was embedded in a pit 1.0 mm in diameter drilled to a
7.0 mm square non-alkali glass plate (Eagle XG, Corning,
1.1 mm thick) and secured by stuffing fine grained high
purity SiO, powder to the pit (Fig. 4). Upon remanence
measurements, the glass plate was attached to a rod
made by Acrylonitrile butadiene styrene (ABS; 7.0 mm in
diameter and 60 mm in length), which was fixed to the
discrete sample handling system of the DC SQUID mag-
netometer (Sato et al. 2015a). The magnetization of the
glass plate and SiO, powder after subtracting that of the
ABS rod was below the practical detection limit of the
magnetometer of 4x 1072 Am? (Sato et al. 2015a; Kato
et al. 2018).

Fig. 4 Glass plate holders for single crystal measurements
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The SSM is also employed for paleointensity experi-
ments (Weiss et al. 2007; Lima and Weiss 2016; Fu et al.
2014; 2017; Tarduno et al. 2020; Borlina et al. 2021).
Magnetic moment of single crystals can be estimated by
inversion of magnetic field maps (e.g., Lima et al. 2013)
or fitting the scanned distribution of the magnetic field
component orthogonal to the sample surface by that
calculated for a dipole moment (Lima and Weiss 2016).
Ideally, the sensitivity of SSM reaches~10"'> Am? by
making the distance between the sensor and the sample
as close as possible (~200 pm), but practically there are
sources of noise and such extra-high sensitivity is hardly
achieved. For SCP measurements using SSM, the single
crystal samples are embedded in pits drilled into a mag-
netically clean and heat resistant glass slide so that a
dozen samples can be scanned at once in a fixed orienta-
tion throughout the experimental process (Fu et al. 2017).

The QDM has extra high spatial resolution up to
1.17 um (Borlina et al. 2021), and is used to map the mag-
netization distribution within single silicate samples to
make inferences on the origins of magnetic inclusions
and measure the magnetization of very small areas (e.g.,
Fu et al. 2014; 2017; 2020; 2021; Tang et al. 2019; Borlina
et al. 2020; 2021). A major difference with the SQUID
is that the QDM measurements need to be conducted
under the presence of a bias field of ~ 10 pT (Glenn et al.
2017). To isolate the remanent magnetization, the meas-
urements are conducted with antiparallel bias fields and
the field maps are summed to cancel out the contribution
of induced magnetization (e.g., Fu et al. 2014). However,
this approach is incomplete if there is magnetic anisot-
ropy. Moreover, the QDM is most sensitive to 1 pm in
depth from the surface of the sample, which may not
sample a sufficient volume/number of magnetic particles
to yield meaningful paleomagnetic information (Berndt
et al. 2016; Tarduno et al. 2020). Paleomagnetic measure-
ments using the QDM and their interpretation should be
done carefully taking these advantages and limitations
into account.

For thermal demagnetization and the heating proce-
dures in paleointensity experiments, CO, laser (e.g., Tar-
duno et al. 2007) and infrared heating (Usui et al. 2015)
have been used besides conventional paleomagnetic
ovens. The small size of the single crystals enables usage
of these alternative techniques, which minimize thermal
alteration during laboratory processes by shortening the
heating times by orders of magnitude compared to con-
ventional methods.

Paleointensity protocols and selection criteria

for successful results

SCP studies are conducted employing the variations of
the Thellier-Thellier method (e.g., Thellier and Thellier
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1959; Coe 1967; Riisager and Riisager 2001; Yu and Dun-
lop 2003; Tauxe and Staudigel 2004; Yu et al. 2004). The
Thellier-Coe method (Thellier and Thellier 1959; Coe
1967) which incorporates partial TRM checks to assess
alteration is most frequently applied (e.g., Cottrell and
Tarduno 1999; 2000; Tarduno et al. 2001; 2002; 2007;
2010; 2012; 2015; 2020; 2021; 2023; Smirnov et al. 2003;
Tarduno and Cottrell 2005; Cottrell et al. 2008; Usui and
Nakamura 2009; Bono et al. 2019a; Zhou et al. 2022).
The IZZI protocol of the Thellier—Coe method (Tauxe
and Staudigel 2004; Yu et al. 2004) is also used (Fu et al.
2017; Usui and Tian 2017; Borlina et al. 2022). Selection
criteria for reliable paleointensity estimate are set (e.g.,
Cottrell and Tarduno 2000), generally following those for
whole-rock samples but sometimes relaxed reflecting the
nature of the samples, such as the very weak magnetiza-
tion. Bono et al. (2019a) and Zhou et al. (2022) used mul-
tiple categories with different numbers of criteria met.
The studies on Archean to Hadean detrital zircons also
employ determinations at a single step at 565 °C (Tar-
duno et al. 2015; 2020; 2023). This method is more suited
for field presence/absence or order-of-magnitude esti-
mates, but is less measurement/time intensive and yields
more data.

Kato et al. (2018) applied the Tsunakawa-Shaw method
(Tsunakawa and Shaw 1994; Yamamoto et al. 2003; 2015;
Mochizuki et al. 2004; Oishi et al. 2005) on SCP study
of plagioclase with exsolved magnetite. This method
employs low-temperature demagnetization (LTD) to
selectively demagnetize the coarse-grained magnet-
ite (e.g., Ozima et al. 1964; Heider et al. 1992), stepwise
alternating field demagnetization (AFD), twice full-TRM
impartment, and correction for possible laboratory-
heating alternation and/or anisotropy using anhysteretic
remanent magnetization (ARM) which is checked by
replicating the procedure. The main advantages of this
method are: (i) thermal alteration is minimized by heat-
ing the sample to a temperature above the Curie point
only twice, (ii) the influence of non-ideal coarse grains is
avoided by LTD and AFD. For the SCP study, selection
criteria which were slightly relaxed from those set for
whole-rock volcanic samples (Yamamoto and Tsunakawa
2005) were adopted.

Treatment of magnetic anisotropy

Some single crystals containing exsolved magnetite
exhibit large magnetic anisotropy (Feinberg et al. 2006;
Usui and Nakamura 2009; Usui et al. 2015), whereas oth-
ers show moderate or minor net anisotropy (Kato et al.
2018; Bono et al. 2019a; Zhou et al. 2022). In the case
of samples with strong anisotropy, the direction of the
remanence deviates from that of the external field and
the efficiency of remanence acquisition differs by the
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direction of the external field against the anisotropy axes
of the sample. Thus, to precisely reconstruct the paleo-
magnetic information, treatment for anisotropy correc-
tion is essential (Tarduno et al. 2006).

To estimate the degree of anisotropy and correct for
the possible bias on paleointensity estimates, anisotropy
tensors of TRM can be determined by least-square fit-
ting the remanences acquired along different axes (Hext
1963). For plagioclase crystals with large anisotropy, Usui
et al. (2015) demonstrated that the bias caused by anisot-
ropy can be mitigated by taking the geometric mean of
paleointensity data from a few tens of grains. Kato et al.
(2018) estimated the anisotropy of ARM of single plagi-
oclase crystals and concluded that for their samples the
bias from anisotropy are likely canceled by averaging the
paleointensity results from the nine successful samples.
They found that the degree of anisotropy gets larger at
higher coercivity, suggesting that the acicular magnetite
grains are responsible for the high coercivity component.
During the Thellier-Coe paleointensity experiments,
Bono et al. (2019a) and Zhou et al. (2022) calculated the
anisotropy correction factor (Veitch et al. 1984) after the
NRM begins to unblock by measuring the TRM acquired
by field applied by orthogonal directions.

In samples dominantly containing exsolved magnet-
ite, the relationship between the intensity of TRM and
the applied field may be hyperbolic tangential, not pro-
portional as assumed in standard paleointensity proto-
cols (Néel 1949; Selkin et al. 2007). Usui and Nakamura
(2009) measured the TRM obtained at different applied
fields and demonstrated that correction for hyperbolic
tangential TRM acquisition is effective to yield precise
paleointensity estimates. They also attempted to make
corrections for both magnetic anisotropy and nonlinear
TRM acquisition simultaneously, but found that the error
gets too large mainly due to the difficulty of precise deter-
mination of the anisotropy tensor. Nonlinearity in TRM
acquisition efficiency due to the strong anisotropy can be
evaluated by checking the consistency of paleomagnetic
estimates based on different applied fields (Bono et al.
2019a; Zhou et al. 2022).

Assessment and correction for cooling rate effect

To determine the average paleointensity using intrusive
rocks, it is sometimes necessary to compensate for the
difference in TRM acquisition efficiency due to the dif-
ference in cooling rates when the NRM was acquired
and in the laboratory. The effect of cooling rate on the
TRM acquisition differs by the domain state. SD grains
acquire larger TRM when cooled slower (Halgedahl et al.
1980) and vice versa for MD grains (Yu 2011). PSD grains
are the intermediate of SD and MD grains and thus the
influence from cooling rate is insignificant (Yu 2011). In
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the case of SCP studies using intrusive rocks, the effect
of cooling rate is assessed by calculating the cooling
time of the pluton body by a thermal diffusion model or
radiometric dating by different closure temperature, and
estimating the magnetic grain size distribution by rock
magnetic measurements (e.g., Tarduno et al. 2015; Kato
et al. 2018).

Overview of paleointensity and related studies
using single crystals or single constituents
published after 2006

Improvements in sample handling and rock magnetic
characterizations described above have extended the
applications of single silicate paleomagnetism, and sig-
nificant progresses have been made in areas highlighted
as future studies by Tarduno et al. (2006). Utilization of
detrital zircon enables retrieval of magnetic information
from Hadean and Eoarchean samples (Tarduno et al.
2015; 2020; 2023). Intrusive rocks which were less used
in paleomagnetic studies have become the major targets
in SCP studies, and the number of reliable estimates on
time-averaged paleointensity is increasing (Tarduno et al.
2007; 2010; Kato et al. 2018; Bono et al. 2019a; Zhou et al.
2022). Even for volcanic rocks which have been the main
objectives in conventional whole-rock studies, separating
appropriate silicate crystals provides a chance to conduct
paleointensity studies on more suitable targets (Cottrell
et al. 2008; Usui and Tian 2017). Moreover, histories of
the magnetic field of other solar system bodies and the
paleo field of the solar nebula have been investigated by
measurements on minerals and constituents separated
from various extraterrestrial materials (Tarduno et al.
2012; 2021; Fu et al. 2014; 2020; Borlina et al. 2021). In
this section, we briefly overview the SCP and related
studies on terrestrial and extraterrestrial samples pub-
lished after Tarduno et al. (2006).

Terrestrial samples

Presence of a geomagnetic field requires core heat flux
larger than that can be maintained by thermal conduc-
tion. Therefore, determining how long the Earth’s mag-
netic field has existed is important for understanding
the thermal history of the Earth. Tarduno et al. (2015;
2020) reported relatively high paleointensity (3.6—29.4
uT) from 4.2 to 3.3 Ga Jack Hills zircons, supporting that
the geomagnetic field and associated shielding from the
solar wind date back to the Hadean. Tarduno et al. (2023)
reported paleointensity from 3.9 to 3.3 Ga zircons from
the Barberton Greenstone Belt, South Africa. On the
basis of the nearly constant paleointensity values for the
Barberton Greenstone Belt and the Jack Hills samples
between about 3.9 to 3.4 Ga, they argued the stagnant-lid
tectonics without plate motions during the period.
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SCP studies on detrital zircons require the following
procedure with selection criteria set on each step; screen-
ing of grains which may yield robust paleointensity (size,
starting NRM, surface condition, etc.), paleointensity
experiments, and U-Pb age determinations with care on
metamictization and zoning. Unfortunately, age determi-
nations must be carried out after paleointensity experi-
ments to avoid alteration, putting the low-success and
labor-intensive procedure first. This naturally produces a
strong filter on experimental success rate; even more so if
the study goals include defining a robust dipole moment
estimate for a specific time interval.

Determination of whether the pre-depositional mag-
netization is preserved is critical, especially for Archean
to Hadean detrital grains with complex metamorphic
and deformation history. Here we summarize field tests
at multiple levels and examination by other methods.
Positive conglomerate tests at cobble-scale are reported
for the Jack Hills (Tarduno and Cottrell 2013; Bono et al.
2018) and the Barberton Greenstone Belt (Usui et al.
2009). Characterization of diverse magnetic inclusions
including PSD/SD magnetite with high unblocking tem-
perature in the zircon-bearing Jack Hills quartzite are
revealed by Dare et al. (2016) and Bono et al. (2019b),
supporting the validity of the conglomerate tests. Micro-
conglomerate test on the Jack Hills zircons was positive
and negative for high and low unblocking temperature
component, respectively, suggesting the high component
survived metamorphic reheating while the low com-
ponent was remagnetized (Tarduno et al. 2015; 2020).
Microscopic distribution of Pb (Tarduno et al. 2015) and
Li zoning (Tarduno et al. 2020) within zircon grains also
indicate that those grains have not been heated above
475 °C, which is similar to the post-depositional peak
metamorphic conditions of greenschist facies (Rasmus-
sen et al. 2010). Furthermore, an inverse microconglom-
erate test on fuchsite (Cottrell et al. 2016) and a cluster
analysis of paleomagnetic directions from quartzite clasts
(Bono et al. 2018) put constraints on the temperature and
timing of peak metamorphism, supporting that the zir-
cons retain remanence older than the depositional age of
the Jack Hills conglomerate (ca. 2.65-3.05 Ga; Rasmus-
sen et al. 2010). In opposition to these studies, Weiss et al.
(2015) questioned the preservation of pre-depositional
magnetization in the Jack Hills zircons based on multi-
ple field tests, rock-magnetic surveys and SEM analy-
sis on various rocks from the nearby sites and argued
that they were possibly remagnetized probably after ca.
2.65 Ga, suggesting regional heterogeneity. A comment
by Bono et al. (2016) pointed out that the post 2.65 Ga
direction claimed by Weiss et al. (2015) was not present
in their raw microconglomerate data and was instead
due to the inappropriate use of statistics. Furthermore,
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magnetizations with unblocking temperatures above
the peak metamorphic temperature were not isolated in
Weiss et al. (2015), and information of the magnetization
that predates the metamorphic reheating at ca. 2.65 Ga
cannot be obtained (Dare et al. 2016).

Whether the paleointensity from detrital zircons are
truly from the ages of the grains may be tested by the age
versus paleointensity data themselves by the following
logics. First, if the timing of magnetization acquisition
differs from the U-Pb age of the grain, there should be
no distinctive trend in paleointensity versus time dia-
gram. Instead, one can see a trend in the reported results;
relatively high values in the Hadean, low Eoarchean-Pale-
oarchean values, and increasing values in the late Paleo-
archean (Tarduno et al. 2015; 2020; 2023). Second, if the
reconstructed time variation of paleointensity reflects the
history of the main field, it should be a global signature
also seen in other cratons. The records from the Jack hills
and the Barberton Greenstone Belt agree with each other,
passing this test (Tarduno et al. 2015; 2020; 2023). Never-
theless, paleointensity estimates from this time window
are still sparse, especially for those with multiple tem-
perature steps on paleointensity determination, and data
from different geological units and different research
groups should be added in the future.

Long-term changes of the geomagnetic field should be
reflecting the evolution of the overlying mantle and the
inner core, which are the upper and lower boundaries
that govern the convection in the liquid core. Correlation
between paleomagnetic variations and mantle activity
has been pointed out in a number of studies (e.g., McFad-
den and Merrill 1984; Tarduno et al. 2006; Courtillot and
Olson 2007; Tarduno 2009; Biggin et al. 2012), which can
be explained by that the behavior of the geomagnetic
field is influenced by the total amount and spatial pattern
of the heat flux from the core to the mantle, suggested
by numerical dynamo simulations (e.g., Glatzmaier et al.
1999; Takahashi et al. 2008; Olson et al. 2010; Amit et al.
2015). Crystallization of the solid inner core accompa-
nied with chemically driven convection has increased the
power of the geodynamo, and possibly caused an observ-
able shift in the behavior of the geomagnetic field (e.g.,
Stevenson et al. 1983; Aubert et al. 2010; Labrosse 2015).
Note that the potential for detecting inner core growth
through field strength alone has been questioned (e.g.,
Landeau et al. 2017), but is broadly supported by thermal
evolution geodynamo models (e.g., Davies et al. 2022).

Several studies use slowly cooled intrusive rocks
instead of volcanic rocks in the hope of averaging out
secular variations. Quartz and microcline crystals sepa-
rated from 3.2 Ga granitic plutons in the Kaapvaal craton
show virtual dipole moment of 6.4—7.5x 10?2 Am? before
cooling rate corrections (Tarduno et al. 2007). Similar
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intensities for ~3.45 Ga were also obtained using quartz
crystals in shallow intrusive rocks (Tarduno et al. 2010),
although this record may average only tens to hundreds
of years of secular variations. These two intrusive records
are currently regarded as the most reliable paleointen-
sity values for Archean, corroborated by rock-magnetic
evaluations.

Earlier efforts to use single silicate with exsolved mag-
netite for paleointensity found very strong remanence
anisotropy as a main challenge (Feinberg et al. 2006; Usui
and Nakamura 2009; Usui et al. 2015). Nevertheless,
more recent studies revealed that in some case plagio-
clase crystals with exsolved magnetite only has moder-
ate net anisotropy, and reasonable average paleointensity
estimates have been reported with or without anisotropy
corrections (Kato et al. 2018; Bono et al. 2019a; Zhou
et al. 2022). Most probably the magnetic anisotropy
degree depends on lithology, but systematic investigation
on this issue has not been conducted. Plagioclase crystals
with exsolved magnetite have been used to define pale-
ointensity during the Ediacaran (Bono et al. 2019a) and
the early Cambrian (Zhou et al. 2022) periods. Bono and
Tarduno (2015) reported near antipodal directions in ori-
ented single feldspar crystals in sub centimeter scale indi-
cating a very high reversal rate in the Ediacaran period.
Together with whole-rock paleointensity data from two
continents (Shcherbakova et al. 2020; Thallner et al.
2021a, b; 2022), these records suggest that the dipole
was extremely low and frequently reversing at around
565 Ma, followed by a rather rapid recovery by ~532 Ma.
This geodynamo behavior is interpreted as a sign of inner
core nucleation and growth (Bono et al. 2019a; Shcherba-
kova et al. 2020).

Only a rather small number of SCP data has been
reported since 2006 from volcanic rocks; however, this
approach should gather more attention. Cottrell et al.
(2008) studied basaltic lava flows near the end of the
Permo-Carboniferous Superchron. While it is indicated
that paleointensity was higher than the present-day field,
the number of data was insufficient to average out secu-
lar variations. Usui and Tian (2017) also reported pale-
ointensity from lavas within the Permo-Carboniferous
Superchron. Their directional data indicate that the lava
sequence does not average out secular variation, either.
One of the original motivations to introduce SCP was to
circumvent the potential bias of low paleointensity before
10 Ma records (Tarduno and Smirnov 2004; Tarduno
et al. 2006), which may be due to low-temperature oxi-
dation. These authors pointed out that many whole rock
data are comparable to the paleointensity during geo-
magnetic reversals or excursions. Analyses of an updated
database with more stringent criteria (Bono et al. 2022)
do not completely eliminate this problem, highlighting
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the needs for larger scale comparisons of SCP and
whole rock data obtained using modern measurement
protocols.

Single crystal magnetic measurements have also
inspired applications other than paleointensity. Nearly
single-domain exsolved magnetite provides important
test cases to connect magnetic measurements to mineral-
ogical observations (Nikolaisen et al. 2022). In particular,
relatively high abundance of exsolved magnetite within
plagioclase and pyroxenes have enabled direct determi-
nation of 3D morphologies of magnetite crystals. These
morphologies are in turn fed into micromagnetic simula-
tions, providing predictions of magnetic properties that
can directly be compared with single crystal measure-
ments. At present, it is still difficult to measure all grains
within single crystals of sufficient size to be measured
by magnetometers, and some extrapolation is necessary.
Future effort should fill the gap between single silicate
measurements and single magnetic mineral characteri-
zation. Another application is environmental magnetism
using sediments (Hounslow and Morton 2004; Chang
et al. 2016; Usui et al. 2018). Magnetic inclusions in sili-
cate are expected to reflect source rock composition bet-
ter than the whole sediment properties, which might be
affected by post-depositional diagenesis.

Extraterrestrial samples

Paleointensity experiments using single crystal or single
constituent techniques have also been applied for extra-
terrestrial samples. The paleointensity studies for extra-
terrestrial samples can be classified into two groups: the
silicate crystals separated from host rocks (Tarduno et al.
2012, 2021) and the chondrules extracted from chondrite
samples (Fu et al. 2014; 2020; Borlina et al. 2021).

The origin of pallasite meteorites that are mainly com-
posed of olivine crystal and FeNi metal have been ques-
tioned since their discovery. To answer this question,
Tarduno et al. (2012) conducted Thellier-Coe paleoin-
tensity experiments for single olivine crystals separated
from the Imilac and Esquel main group pallasites. They
selected the olivine crystals lacking visible inclusions,
which likely contain small FeNi inclusions and show the
PSD to SD hysteresis behaviors. The paleointensity values
are successfully obtained as 122.3+14.4 pT (Esquel) and
73.6£8.1 uT (Imilac). Similar paleointensity estimates are
also reported by Bryson et al. (2015), based on high-reso-
lution nanomagnetic imaging by X-ray magnetic circular
dichroism (Stohr 1999; van der Laan 2013) and simula-
tion on magnetic nanostructures magnetized by variable
field components. On the basis of the paleointensity val-
ues of two different pallasites and thermal modelings of
the parent protoplanet, the pallasite meteorites are sug-
gested to be formed when liquid FeNi from the core of an
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impactor was injected as dikes into the shallow mantle of
a~200-km-radius protoplanet. This model is further sup-
ported by Windmill et al. (2022), who studied the oxygen
isotopic disequilibrium between olivine and chromite in
the pallasites.

Whether the Moon had a long-lived magnetic field
provides essential information about the evolution of its
interior and surface. The bulk lunar magnetic samples
typically contain large MD grains and often show non-
ideal MD-like magnetic characteristics, and thus, the
SCP technique plays an important role to overcome such
difficulties in paleointensity measurements. Tarduno
et al. (2021) conducted TRM-based paleointensity exper-
iments for plagioclase and/or pyroxene crystals separated
from the lunar basalt samples with ages of 3.2-3.9 Ga
collected in the Apollo 12, 14, and 17 missions. The sili-
cate samples contain small native iron particles with sub-
micrometer grain size, of which the magnetic domain
states are predicted to be in the SD or single vortex (SV).
The NRM intensities of silicate crystals were very weak
(1.2-3.9%107'2 Am?) and did not show consistent direc-
tions after thermal demagnetization at 590 °C, agreeing
with a null magnetization. TRM acquisition experiments
with alteration checks were performed, and it was dem-
onstrated that these crystals can record a field with an
efficiency near 100% if it had been present on the Moon.
Instead, the data point to null ambient magnetization
values. Null lunar field agrees with a previous study also
based on thermal methods (Lawrence et al. 2008) but
contradicts with high (~ 100 pT) fields reported for over-
lapping ages implying a long-lived lunar dynamo (e.g.,
Courneéde et al. 2012). Note that the latter is obtained by
nonthermal methods, for which great concerns on relia-
bility have been raised (Dunlop and Ozdemir 1997; Law-
rence et al. 2008).

The magnetic field in the solar nebula was coupled to
the gas, and had a significant influence on the formation
of the solar system. The reconstruction of nebular field
history is a critical issue in planetary science. Paleofield
records of the solar nebula have been studied using the
whole rock measurements of carbonaceous chondrites
and returned samples from the asteroid Ryugu. How-
ever, these records were attributed to the chemical rema-
nent magnetization (CRM) during aqueous alterations
in parent bodies (Borlina et al. 2022; Bryson et al. 2020a;
Cournede et al. 2015; Fu et al. 2021; Gattacceca et al.
2016; Sato et al. 2022) and the TRM in a parent body
(Bryson et al. 2020b). Therefore, paleointensity experi-
ments using separated chondrules play an important
role in reconstructing the paleo field before parent body
formations. Fu et al. (2014) separated the dusty olivine
bearing chondrules from the Semarkona ordinary chon-
drite, and measured the ARM-based paleointensity. The
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dusty olivine crystals contain nearly pure kamacite with
submicrometer sizes, which likely have SD or SV states.
The paleointensity values at 2.0+ 0.8 million years after
the calcium-aluminum-rich inclusion (CAI) formation
are estimated to be 27+8 puT. Borlina et al. (2021) also
conducted paleointensity experiments for dusty olivine
bearing chondrules in the DOM 08006 and ALHA77307
Ornans type (CO) carbonaceous chondrites. The dusty
olivines contain fine-grained kamacite crystals. The pale-
ointensity values at 2.2+ 0.8 Ma after the CAI formation
are obtained from the ARM normalization method as
30+10 uT (DOM 08006) and 59 +31 puT (ALHA77307).
For the Renazzo type (CR) carbonaceous chondrites,
Fu et al. (2020) extracted 7 subsamples from an iron
sulfide-rich chondrule rims in GRA 95229 and 11 sub-
samples from four chondrules in LAP 02342, in which
FeNi and Fe sulfides are the main ferromagnetic phases.
The maximum paleofield values at 3.71“8:3 Myr after CAI
formation were evaluated on the basis of ARM acquisi-
tion abilities as 8.1+5.4 uT (GRA 95229) and 4.0+2.2 uT
(LAP 02342). Meanwhile, there is considerable evidence
that FeNi magnetic minerals can have unusual magnetic
behavior including intrinsic magnetizations that may
mimic the signals of an ancient field (e.g., Brecher and
Albright 1977). O’Brien et al. (2020) demonstrated that
such an effect can be detected by thermal analyses, while
non-thermal paleointensity estimates may not reflect the
ancient field. For the reconstruction of the nebular field,
the single-constituent techniques have only been applied
for chondrules. Similar study of other constituents such
as CAls will provide nebular field information temporally
and spatially different from that of chondrules.

Conclusion

Nearly a quarter of a century has passed since the
development of the SCP (Cottrell and Tarduno 1999),
and significant progress has been made in research in
areas predicted by early reviews (Tarduno et al. 2006;
Tarduno 2009) as future challenges. SCP techniques
have broad utility in paleointensity studies for the
Earth, extraterrestrial bodies, and the solar nebular,
especially in the case that the paleointensity meas-
urements are difficult in whole rock samples. Zircon,
quartz and plagioclase crystals with invisible mag-
netic xenocrysts are the most robust targets due to the
high probability of the primary origin of magnetiza-
tion. When studying these samples, a large number of
crystals should be screened to find samples with suf-
ficient magnetic inclusions and stable magnetization.
Silicate crystals containing exsolved magnetite also
have the potential to play a leading role in elucidating
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long-period geomagnetic variations related to the evo-
lution of the Earth’s interior, although the effect of the
large magnetic anisotropy should be considered upon
measurements.

So far, only several groups of scientists are involved
in SCP studies. Although measuring very weak mag-
netization requires highly sensitive equipment such as
ultrasensitive small-bore SQUID magnetometer, SSM,
or QDM, the remanence of single silicate crystals can
be often measured using the conventional SQUID mag-
netometer. The future SCP experiments by various sci-
entists in many laboratories will further advance the
SCP method and will bring our understanding of past
magnetic fields forward.
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