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Abstract Granitoids are widespread in Precambrian terranes as well as the Phanerozoic orogenic belts,
but they have garnered little attention in paleomagnetic studies, because granitoids often contain abun-
dant coarse-grained, magnetically unstable oxides. In this study, the first example of tiny, needle-shaped,
exsolved oxides in plagioclase in a Paleoarchean granitoid is reported. The magnetic properties of single
plagioclase crystals with the exsolved oxide inclusions have been studied to determine their paleomagnetic
recording fidelity. Demagnetization experiments and hysteresis parameters indicate that the oxide inclu-
sions are near stoichiometric magnetite and magnetically very stable. First-order reversal curve (FORC) dia-
grams reveal negligible magnetostatic interactions. Minimal interactions are also reflected by very efficient
acquisition of anhysteretic remanent magnetization. Single plagioclase crystals exhibit strong magnetic
remanence anisotropies, which require corrections to their paleodirectional and paleointensity data. None-
theless, quantitative consideration of anisotropy tensors of the single plagioclase crystals indicates that the
bias can be mitigated by properly averaging data from a few tens of single crystals. From the nonlinear ther-
moremanence acquisition of the plagioclase crystals, we estimate that the plagioclase crystals can recon-
struct paleointensity up to 50 uT. Local metamorphic condition suggests that those magnetite may carry
remanence of ~3.2 to 3.3 Ga. We suggest that exsolved magnetite in granitoids is potentially a suitable tar-
get for the study of the early history of the geomagnetic field, and prompt detailed microscopic investiga-
tions as well as paleomagnetic tests to constrain the age of remanence.

1. Introduction

Archean paleomagnetic records are needed to estimate the secular change in the geodynamo activity and
crustal tectonics. Moreover, an early geomagnetic field is hypothesized to be related to the Earth’s habitabil-
ity [e.g., Tarduno et al., 2014], and the oldest paleomagnetic record is actively being investigated [e.g., Usui
et al., 2009; Tarduno et al., 2010]. To obtain Archean paleomagnetic records, good magnetic recorders that
can preserve the natural paleomagnetic record for billions of years are of crucial importance. Generally,
Archean terranes are divisible into granite-greenstone belts and high-grade granulite-gneiss belts [Windley
and Bridgwater, 1971]. Both are composed of granitic plutons and mafic volcanic rocks, with subordinate
amounts of metasediments. Mafic volcanic rocks are usually preferred in studies of Phanerozoic paleomag-
netism, because of their stable magnetic remanence [e.g., Dunlop and Ozdemir, 1997]; however, in Archean
terranes, mafic rocks are usually altered and contain secondary magnetic minerals [e.g., Yoshihara and
Hamano, 2004], preventing reliable determination of primary Archean paleomagnetism. Granitic rocks retain
more primary compositions and fabrics than their coeval, often pillow-bearing, mafic volcanic rocks because
the latter were submarine extrusives, whereas the former were impermeable intrusives. Unfortunately, the
magnetic mineralogy of granitic rocks hinders paleomagnetic studies. The main oxide mineral in most gra-
nitic rocks is coarse-grained magnetite, which in general has low magnetic stability, because its internal
magnetic structures take multidomain (MD) states [e.g., Dunlop and Ozdemir, 1997]; thus, the coarse-grained
magnetite in Archean granitic rocks is susceptible to magnetic overprint by younger remanence. Therefore,
Archean granitic rocks are rarely used in paleomagnetic studies.

Tarduno et al. [2007] introduced a novel approach to the study of paleomagnetism of Archean granitoids. In
their study of the ~3.2 Ga Kaap Valley granitoid pluton in the Barberton greenstone belt, they conducted
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selective measurements of single microcline and quartz crystals without visible inclusions under a binocular
microscope. On the basis of magnetic measurements, they concluded that some crystals appear to contain
invisible, tiny magnetic minerals that may have been entrapped during magmatic crystal growth. By meas-
uring those single silicate crystals, they obtained paleodirectional and paleointensity data without contribu-
tions from the coarse-grained magnetite in the rock matrix. The paleomagnetic directions obtained by
Tarduno et al. [2007] were different from those previously estimated from conventional whole-rock meas-
urements in the same pluton [Layer et al., 1996]. Tarduno et al. [2007] considered that the difference was
due to a complex magnetic overprint in the magnetically unstable coarse-grained magnetite in the whole-
rock samples, and emphasized that the selective paleomagnetic measurements of tiny, magnetically stable
single domain (SD) to pseudo-SD (PSD) magnetic minerals enables estimation of the primary remanence in
Archean rocks. Similar technique has been successfully applied to ~3.44 Ga dacite in the Barberton green-
stone belt and yielded the oldest robust paleointensity results based on thermoremanent magnetizations
[Usui et al., 2009; Tarduno et al., 2010]. Despite these successes, no other paleomagnetic results have been
reported from Archean granitoids using the single crystal approach, mainly because single silicate crystals
with tiny entrapped magnetic inclusions usually have extremely low magnetization, close to the sensitivity
limit of commercially available magnetometers. Consequently, Archean paleomagnetic record remains very
sparse, and we do not even know how the field might have varied on 100 Ma time scales.

In some plutonic and metamorphic rocks, silicate minerals such as plagioclase and pyroxene contain tiny
rods of exsolved magnetite [e.g., Evans and McElhinny, 1966; Evans et al., 1968; Hargraves and Young, 1969;
Fleet et al., 1980; Davies, 1981; Wenk et al., 2011]. Plagioclase and pyroxene containing exsolved magnetite
has relatively strong magnetizations so that single crystals can be routinely measured in currently available
rock magnetometers [Renne et al., 2002; Usui and Nakamura, 2009]. In addition, silicate crystals with
exsolved magnetite show high magnetic stability with SD-like characteristics [Renne et al., 2002; Feinberg

et al., 2005; Muxworthy and Evans, 2013], including ideal (linear) behavior in Thellier-type paleointensity
experiments [Dunlop et al., 2005]. Slow cooling of plutonic rocks may provide time-averaged signal. For
paleointensity studies, slow cooling necessitates a correction [Dodson and McClelland-Brown, 1980; Halge-
dahl et al., 1980]. A recent study [Usui, 2013] indicates that exsolved magnetite exhibits the cooling rate
effect which is predictable by theory [Dodson and McClelland-Brown, 1980; Halgedahl et al., 1980]. There are
some uncertainties in the timing and temperature of the magnetite exsolution [Feinberg et al., 2005]. None-
theless, such properties indicate that the plagioclase and pyroxene, with their exsolved magnetite, provide
excellent paleomagnetic recorders. Indeed, whole-rock samples of anorthosites and gabbros whose mag-
netic properties are dominated by exsolved magnetites have yielded successful paleodirectional and paleo-
intensity results [Selkin et al., 2008; Muxworthy et al., 2013; Usui, 2013]. Most paleomagnetic studies of
exsolved magnetite have focused on anorthosites and gabbros, but the recent discovery of exsolved mag-
netite in plagioclases in a Cretaceous granitoid [Usui et al., 2006] suggests that even Archean granitoids con-
tain exsolved magnetite. However, to date, no paleomagnetic study has been conducted on the exsolved
magnetite in Archean granitoids.

The single silicate technique is a powerful way of reducing the contribution from magnetically unstable
coarse-grained magnetite [Tarduno et al., 2006, 2007]; however, the interpretation of paleomagnetism of
single silicate crystals with exsolved magnetite may be complicated by magnetic anisotropy. Individual
grains of exsolved magnetite are usually in the form of elongated rods or blades, and their alignment is con-
trolled by the crystallographic orientations of their host silicate [e.g., Fleet et al., 1980; Sobolev, 1990; Feinberg
et al., 2004; Wenk et al., 2011]. These features will result in high magnetic remanence anisotropy that should
introduce a bias in directional and paleointensity records [e.g., Uyeda et al., 1963; Coe, 1979; Selkin et al.,
2000]. Using the directional dependence of magnetic hysteresis properties, Gee and Meurer [2002] inferred
strong preferred orientation of exsolved magnetites within clinopyroxene crystals from oceanic gabbros.
The remanence anisotropy tensors were determined for orthopyroxene [Lagroix and Borradaile, 2000; Selkin
et al., 2014] and plagioclase single crystals [Usui and Nakamura, 2009; Selkin et al., 2014] using anhysteretic
remanent magnetization (ARM). These studies reported extremely high remanence anisotropy (P;=2 ~ 35,
where P; is the Jelinek [1981] anisotropy degree). Selkin et al. [2014] measured anisotropy tensors for more
than 20 single silicate crystals, and successfully modeled whole-rock magnetic anisotropy using the anisot-
ropy of single silicate crystals and lattice orientations of the silicates. However, the paleomagnetic bias in
single silicate crystals due to the magnetic anisotropy of exsolved magnetite has not yet been quantified. In
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this study, we report the occurrence and magnetic properties of exsolved magnetites within plagioclases in
a Paleoarchean granitoid. In particular, we carefully determine the magnetic anisotropy tensor of single pla-
gioclase crystals and discuss the bias due to their anisotropy.

2. Samples

The sample examined in this study is single rock piece of medium-grained granodiorites from the Mount
Edgar Igneous Complex in the Pilbara craton (21°18.309'S, 120°6.242'). The sample belongs to the Boodal-
lana Suite [Sims and Carson, 2001], which has a whole-rock Rb-Sr age of 3210 == 90 Ma [Collins and Gray,
1990] and a zircon SHRIMP U-Pb age of 3304 = 10 Ma [Williams and Collins, 1990]. It is presumed that the
latter (~3300 Ma) represents the time of intrusion, while the former (~3200 Ma) represents the time of
metamorphic reequilibration during the greenschist to lower amphibolite facies metamorphism [Collins and
Gray, 1990]. The rocks appeared to have been emplaced and cooled in the late Paleoarchean, but note that
the higher-potential metamorphic grade should have thermally reset any primary NRM. Also, the exsolution
of magnetite within plagioclase may have occurred during metamorphism. The magnetization in these
cases would be Mesoarchean in age. Future paleomagnetic studies using Mount Edgar Igneous Complex
should provide some evidence such as paleomagnetic field tests to constrain the age of remanence. The
samples consist mainly of quartz, plagioclase, hornblende, biotite, and a Fe-Ti oxide (Figures 1a and 1b).
Large oxide grains occur as discrete crystals or inclusions in biotites (Figure 1b). Plagioclase crystals contain
tiny rods of magnetite (Figures 1c-1e). The magnetite rods appear to exhibit four sets of elongation direc-
tions. Magnetites with one elongation direction (vertical in Figure 1e) is more numerous and finer. The typi-
cal width of these fine magnetites is less than 1 um, and the typical length is a few um. Magnetites with
other elongation directions have typical width of a few um and typical varying from a few um to a few tens
of um. Note that the occurrence of exsolved magnetite may be local phenomena even in a rock suite [Usui
et al., 2006].

3. Experimental Methods

Plagioclase crystals were handpicked from crushed rock samples and sonicated in distilled water. Under a
binocular microscope, we selected clean crystals without sever sericitization or large inclusions. Crystals
with extreme shape anisotropy were also avoided to reduce possible bias in magnetic anisotropy measure-
ments. The appearance of the crystals ranges from clear transparent to semitransparent with black cloud-
ing. The size is typically between 0.3 and 1 mm in size (Figure 1f). We then performed ARM
demagnetization experiments, magnetic hysteresis measurements, ARM anisotropy measurements, and
TRM and ARM acquisition measurements on the selected crystals. For comparison, magnetic properties of
whole-rock samples were also examined.

3.1. ARM Demagnetization

ARM demagnetization experiments were undertaken to evaluate magnetic mineralogy and stability. The
ARM was imparted on three single plagioclase crystals using an AF demagnetizer DEM95 (Natsuhara Giken
Co. Ltd) with a peak alternating field of 150 mT and a DC field of 70 uT. Demagnetizations were conducted
using progressive AF demagnetization, progressive thermal demagnetization, and low-temperature demag-
netization techniques. The AF demagnetization experiments were performed using the DEM95 with three-
axis sample tumbling. The thermal demagnetization experiments were carried out using a custom-made
infrared heating apparatus (Thermo Riko Co. Ltd). A sample is placed in a quartz glass tube and set in a
small heating chamber made of SiC. The heating chamber is placed inside a two-layer mu-metal shield.
Infrared light is generated outside the shield and transmitted to the SiC chamber through a quartz rod, and
the temperature is monitored using a Pt thermocouple placed inside the SiC chamber. For the low-
temperature demagnetization experiments, samples were soaked in liquid nitrogen in a styrene foam con-
tainer. The liquid nitrogen evaporated in about 20 min, and samples were left in the container overnight.
The cooling-heating cycles were performed in a two-layer mu-metal shield. The remanence of the plagio-
clase crystals was measured using a SQUID magnetometer Model 760 (2G Enterprises). For whole-rock sam-
ples, we examined cores with 2.5 cm diameter and 2.2 cm height of the granitoids. The AF and low-
temperature demagnetization experiments were performed in the same way as those for the plagioclase
crystals. The thermal demagnetization experiments were carried out using a TDS-1 thermal demagnetizer.
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Figure 1. Microscope images of the studied granodiorite samples, highlighting the various occurrences of magnetic minerals. (a and b)
Open-polarized and cross-polarized images. Arrows indicate oxides as discrete grains and grains along fractures in biotite (lower left). (c
and d) Open-polarized and cross-polarized images of a plagioclase crystal containing exsolved magnetite. Arrow indicates the region with
exsolved magnetite. (e) Backscatter electron image of exsolved magnetites. (f) Optical photomicrograph of typical plagioclase crystal used
in rock magnetic measurements.

The remanence of the whole-rock samples was measured using an ASPIN spinner magnetometer (Natsu-
hara Giken Co. Ltd.).

3.2. Magnetic Hysteresis

Magnetic hysteresis measurements were performed to evaluate magnetic domain states and magnetostatic
interactions. Conventional hysteresis parameters (saturation magnetization M;; saturation remanence M,;
coercivity H.; and coercivity of remanence H,,) and first-order reversal curves (FORCs) were determined
using an alternating gradient field magnetometer (AGFM; Princeton Measurement Inc.) at the National Insti-
tute of Advanced Industrial Science and Technology, Tsukuba, Japan. The hysteresis parameters were
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determined for 28 single plagioclase crystals. FORCs were measured for an assemblage of six plagioclase
crystals to mitigate the potential effect of magnetic anisotropy. FORCs were analyzed [Pike et al., 1999; Rob-
erts et al., 2000] using software FORCinel version 2.1 [Harrison and Feinberg, 2008]. For the whole-rock sam-
ple, a powder of ~0.1 g was measured using a vibrating sample magnetometer (VSM; Princeton
Measurement Inc.).

3.3. Remanence Anisotropy

Magnetic remanence anisotropy tensors were estimated based on the ARM of 40 single plagioclase crystals.
We imparted ARMs along seven directions [Nye, 1957; Borradaile and Stupavsky, 1995] using the DEM95
with custom-made holders. The peak AF field was 150 mT and the DC field was 70 uT. All three components
of a remanence vector were measured using the SQUID magnetometer and the anisotropy tensors were
estimated through least squares fitting.

3.4. TRM and ARM Acquisition

TRM acquisition experiments were performed on four assemblages of plagioclases, each consisting of seven
crystals. The TRM was imparted with the described custom-made infrared heating apparatus with peak tem-
perature of 610°C. Applied DC fields were 20 and 10 uT, and then incremented from 30 to 100 uT at 10 uT
steps. The extent of alteration due to the heating was checked by repeating TRM acquisitions at 20 uT after
finishing all heating steps. After the TRM acquisition experiments, ARM acquisition experiments were per-
formed on the same samples. The ARM was imparted using the DEM95. The peak AF field was 150 mT, and
the DC bias field was incremented from 10 to 100 uT at 10 uT steps. We examined ARM acquisition of a 2.5
cm core sample for the whole-rock sample.

4, Results

4.1. ARM Demagnetization

Thermal demagnetization of ARM of the plagioclase crystals (Figure 2a) revealed a narrow unblocking tem-
perature range; about 60% of the ARM was demagnetized between 525 and 585°C. The remanences were
completely unblocked at 585°C. AF demagnetization revealed that the median destructive field (MDF) of
ARM is ~30 mT (Figure 2b). Note that the tumbling AF demagnetization used in this study is generally more
effective in erasing remanence than the static three-axis AF demagnetization used in some previous studies
[e.g., Renne et al., 2002]. Low-temperature demagnetization erased ~20% of the total ARM, similar to the
effectiveness for the Lambertville plagioclase [Halgedahl and Jarrard, 1995].

The whole-rock sample has different demagnetization characteristics from the plagioclase crystals (Figures
2c and 2d). Compared with the plagioclase crystals, the whole-rock sample exhibits a broader unblocking
temperature range, lower MDF of ~15 mT, and larger remanence loss during the low-temperature demag-
netization (~50% of the total ARM). Those results show that the ARM of the whole-rock sample is mainly
carried by coarse-grained magnetites.

4.2. Magnetic Hysteresis

Figure 3 shows the hysteresis parameters plotted on a Day plot [Day et al., 1977; Dunlop, 2002]. The data are
distributed in the SD and PSD regions. Two samples exhibit M,;/M; > 0.5. Those values are not expected
for randomly oriented uniaxial particles, indicating that the observed hysteresis parameters are influenced
by magnetic anisotropy of the plagioclase crystals, as demonstrated by Gee and Meurer [2002] for crystals
from oceanic gabbros. At the same time, the data follow the standard SD-MD mixing curve [Dunlop, 2002],
indicating that some exsolved magnetites are in a MD state. We obtained M,;/M;=0.32 and H,,/H.=1.73
by averaging the data from 28 grains.

The FORC diagrams are shown in Figure 4. The horizontal axis (H,) reflects the coercivity distribution and
the vertical axis (H,) reflects magnetostatic interactions [Muxworthy and Williams, 2005]. The plagioclase
crystals exhibit a broad distribution extending to high H, values with little spread in H, values (Figure 4a),
indicating that the exsolved magnetites are dominantly SD-like particles with minimal magnetostatic inter-
actions [Muxworthy and Williams, 2005; Egli et al., 2010]. Our FORC data do not exclude the possibility of
nonuniform magnetization such as vortex states within a magnetite rod, as they could produce similar
FORC diagrams [Lappe et al., 2013].

USUI ET AL.

©2014. American Geophysical Union. All Rights Reserved. 116



@AG U Geochemistry, Geophysics, Geosystems

10.1002/2014GC005508

(a)

1.0

o o o o
N £ [e)] oo

ARM (normalized)

o

~
(@)
~

e o o &
> o ®™ o

ARM (normalized)
o
N

0.0

L i,

N
- ‘,
\

N

O ! ! ! ! !
0 100 200 300 400 500 600

Temperature [°C]

0 100 200 300 400 500 600

Temperature [°C]

(b)

1.0

°e ° ©o ©°
NG o ©

ARM (normalized)

©
o

(d)

e o o &
> o ® o

o
[N}

ARM (normalized)

|
Da

"y
7

ki [ FPETPPE

0 20 40 60 80 100120140

AF [mT]

0 20 40 60 80 10012014

AF [mT]

Figure 2. ARM demagnetization of plagioclase crystals and a whole-rock sample. Remanence intensities are normalized to the intensities
before demagnetization. (a) Thermal demagnetization of ARM of the single plagioclase crystals. (b) AF demagnetization of the ARM of the
single plagioclase crystals (filled symbols). Open symbols represent the results of low-temperature demagnetization followed by AF
demagnetization. (c) Thermal demagnetization of the ARM of the whole-rock sample. (d) AF demagnetization of the ARM of the whole-
rock sample (filled symbols). Open symbols represent the results of low-temperature demagnetization followed by AF demagnetization.

The whole-rock sample exhibits low-coercivity and moderate magnetostatic interactions (Figures 3 and
4b). These features show that MD particles dominate the hysteresis properties of the whole-rock
samples.

0
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Figure 3. Hysteresis parameters represented in a Day plot. The single plagioclase crystals (open triangles) plot in the SD to “PSD” region.
Two crystals exhibit M,;/M; > 0.5, and the remainder follow a theoretical mixing line between SD and MD end-members (dashed curve
[Dunlop, 2002]). The average hysteresis parameters of the plagioclase crystals (filled circle) plot in the “PSD” field. The whole-rock sample
(filled star) plots in the MD field.

USUI ET AL.

©2014. American Geophysical Union. All Rights Reserved. 117



@AG U Geochemistry, Geophysics, Geosystems

10.1002/2014GC005508

(a) 4.3. Remanence Anisotropy
40 — The ARM anisotropy tensor estimates
are summarized in Table 1 and Figure
20 — 5. The root mean square (RMS) of the

least squares misfit is generally an
order of magnitude smaller than the
maximum and intermediate eigenval-
(arb.unit)  ues, but comparable to the minimum
220 — H eigenvalue (Table 1), indicating a mod-
L 3 erate error in the tensor estimates. The
anisotropy degree is generally large

Hu (mT)

-40 7 — 2 with P; ranging from 3.57 to 26.24.
| | | | Most data show oblate anisotropy with
0 20 40 60 80 100 ~ 1 the shape parameters T; [Jelinek, 1981]
Hc (mT) L0 ranging from —0.21 to 0.87. As the
(b) = measured plagioclase crystals are not
103 in regular shape, the anisotropy of
E — sample shape may affect on the rema-
3 0 _ nence anisotropy data, but we feel that
I .10 the broad similarity in anisotropies
| | | among crystals indicate that the shape

0 20 40 60 80 anisotropy is not a dominant factor.
Hc (mT)
4.4. TRM and ARM Acquisition

Figure 4. FORC diagrams showing the distribution of coercivity (H.) and magne- Figure 6 shows TRM and ARM acquisi-
tostatic interactions (H,). (@) The FORC diagram of the plagioclase crystals. (b) The

FORC diagram of the whole-rock sample. tions versus the applied DC field. The

remanence intensities of TRM and ARM

are normalized by isothermal remanent
magnetization (IRM) imparted with a 2.7 T field using a pulse magnetizer Model 660 (2G Enterprises). All
examined samples exhibit high efficiency of TRM acquisition and nonlinearity in the DC field of 10s of uT.
The samples also exhibit high efficiency and nonlinearity of ARM acquisition. In contrast, the whole-rock
sample exhibits low efficiency and linearity of ARM acquisition (Figure 6b).

5. Discussion

5.1. Occurrence of Exsolved Magnetite and Significance of Single Crystal Analysis

We report the first example of exsolved magnetite in silicate minerals in a Paleoarchean granitoid. The sili-
cate minerals exhibit high magnetic stability (Figures 2 and 3), fulfilling the requirement of a good recorder
of an ancient magnetic field. The FORC diagram of the plagioclase crystals exhibits a pronounced central
ridge (Figure 4a), a feature favorable for Thellier paleointensity experiments [Carvallo et al., 2006].

The minimal magnetostatic interactions inferred from our FORC analysis seem to be at odds with previous
microscopic observations. A transmission electron microscopy study reported that some exsolved magne-
tite grains demonstrate internal exsolution of magnetite and ulvospinel, forming an assemblage of magne-
tostatically interacting regions [Feinberg et al., 2006]. Wenk et al. [2011] conducted energy-dispersive X-ray
spectroscopy under a scanning electron microscope on exsolved oxides in plagioclases from a ~1.1 Ga
anorthositic gneiss from the Adirondacks. They showed that some grains contain titanium as well as iron,
but the distribution of the elements within a single oxide was not resolved. During slow cooling, titanomag-
netite undergoes exsolution to magnetite and ulvospinel [e.g., Price, 1980], so the detected titanium could
reflect the ulvospinel exsolution. Those microscopic studies, however, investigated a limited number of
oxide grains. On the other hand, our FORC analysis indicates that the plagioclase crystals with numerous
exsolved magnetite grains do not suffer from magnetostatic interactions as a whole. Minimal magnetostatic
interactions were also reported for clinopyroxene [Muxworthy and Evans, 2013] and plagioclase crystals
[Usui, 2013] from gabbroic rocks on the basis of the FORC diagrams of silicate crystals. It seems either that
the internal exsolution of exsolved magnetite is not common, or that internal exsolution does not increase
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Table 1. Summary of the Remanence Anisotropy of Single Plagioclase Crystals®

Sample Name Mean ARM (nAm?) W, W w3 RMS Misfit % 1
PG157pl-al 0.46 0.46 0.46 0.46 0.14 6.25 0.15
PG157pl-a2 1.31 1.31 1.31 1.31 0.09 4.44 0.34
PG157pl-a3 0.34 235 0.94 0.45 0.20 5.21 —0.1
PG157pl-a4 2.20 1.75 1.45 0.39 0.15 5.06 0.75
PG157pl-a5 1.05 2.05 1.38 035 0.14 6.35 0.55
PG157pl-a6 117 4.86 0.93 0.22 0.36 21.95 —0.07
PG157pl-a7 1.28 2,01 1.20 041 0.11 5.00 0.35
PG157pl-a8 0.66 231 1.65 0.26 0.17 10.40 0.69
PG157pl-a9 0.64 331 0.98 0.31 0.26 10.71 —0.03
PG157pl-a10 0.90 2.62 1.44 0.27 0.17 10.70 0.47
PG157pl-al1 0.46 1.92 1.08 0.48 0.14 4.00 0.17
PG157pl-al2 0.91 1.75 1.23 0.46 0.10 3.96 0.47
PG157pl-al13 0.44 1.69 1.26 0.47 0.12 3.83 0.54
PG157pl-a14 0.49 2.59 1.61 0.24 0.22 12.48 0.60
PG157pl-al5 0.27 1.79 1.1 0.51 0.13 3,57 0.24
PG157pl-al6 0.60 2.55 1.10 0.36 0.17 7.20 0.14
PG157pl-al7 1.15 428 0.83 0.28 0.33 15.46 —0.21
PG157pl-a18 1.15 1.82 1.24 0.44 0.13 4.32 0.46
PG157pl-a19 0.73 1.96 1.39 037 0.18 5.89 0.59
PG157pl-a20 0.69 227 1.49 0.29 0.13 8.65 0.59
PG157pl-a21 1.06 2.29 1.40 0.31 0.19 7.99 0.51
PG157pl-a22 134 2.25 124 0.36 0.13 6.52 0.35
PG157pl-a23 1.53 267 1.35 0.28 0.19 10.16 0.39
PG157pl-a24 1.27 212 1.25 0.38 0.18 5.85 0.39
PG157pl-a25 0.80 2.17 1.15 0.40 0.11 5.51 0.25
PG157pl-a26 1.18 2.76 1.00 0.36 0.13 7.64 0.01
PG157pl-a27 0.77 2,62 127 0.30 0.17 9.07 033
PG157pl-a28 1.65 234 1.1 0.38 0.12 6.15 0.17
PG157pl-a29 0.93 243 1.09 0.38 0.18 6.48 0.14
PG157pl-a30 1.36 2.16 1.45 0.32 0.17 7.53 0.59
PG157pl-a31 1.16 3.25 1.19 0.26 0.19 12.86 0.21
PG157pl-a32 0.61 1.98 1.27 0.40 0.09 5.26 0.44
PG157pl-a33 1.44 2.04 1.46 0.34 0.13 6.82 0.63
PG157pl-a34 2.62 2.10 127 037 0.10 5.90 0.42
PG157pl-a35 3.21 2.23 1.12 0.40 0.13 561 0.20
PG157pl-a36 3.14 1.96 1.38 0.37 0.11 5.81 0.58
PG157pl-a37 0.29 2.82 233 0.15 0.89 26.24 0.87
PG157pl-a38 0.48 1.93 1.1 047 0.62 418 0.21
PG157pl-a39 0.29 3.76 1.14 0.23 0.78 16.29 0.14
PG157pl-a40 1.34 1.97 1.31 0.39 0.52 547 0.50
Median 222 1.23 037

#Mean ARM: mean ARM intensity at DC field of 70 uT calculated for the estimated tensor; w;, w,, and ws: maximum, intermediate,
and minimum eigenvalues (normalized by mean ARM), respectively; RMS misfit: normalized root mean square misfit of the least square
tensor fitting; P; and T;: Jelinek's [1981] parameters.

the magnetostatic interactions to a significant degree. To resolve those two possibilities, more microscopic
work is needed.

The magnetic measurements of the whole-rock samples appear to be ineffective in detecting exsolved
magnetite. The whole-rock samples revealed low MDF, large low-temperature demagnetization (Figure 2d),
and MD-like hysteresis properties (Figures 3 and 4b); these features are very different from the magnetic
properties of silicate crystals with exsolved magnetite. The selective measurements of single silicate crystals
revealed high remanence stability (Figure 2b) and SD-like hysteresis properties (Figures 3 and 4a). The high
efficiency in ARM acquisition was also observed only in the plagioclase crystals and not in the whole rocks
(Figure 6b). We emphasize that even a magnetically soft granitoid possibly contains silicates with exsolved
magnetite, and single crystal measurements can effectively isolate the hidden signal of exsolved magnetite.

5.2. Averaging Out the Anisotropy Bias in Paleomagnetic Direction and Paleointensity

We quantified the ARM anisotropy tensors of 40 plagioclase crystals. These data enable the evaluation of
the paleomagnetic recording bias of single plagioclase crystals containing exsolved magnetite. First, we
consider the “typical” remanence anisotropy. The anisotropy data show a relatively large variation, ranging
from 3.57 to 26.24 in P;. We observe that P; exhibits larger scatter for samples with smaller mean ARM
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1.0 ; ; ; ; ; (Figure 7), and samples with mean
o ARM larger than 1.5 nAm? exhibit con-
® ° sistent behavior with P; ~ 6. This
‘s. e behavior may reflect the different
® o . . .
% ® abundance of different elongation
* directions of the exsolved magnetite.
, k i [ Microscopic observations revealed that
e o ° . the exsolved magnetite take four elon-
o gation directions with one being much
more numerous (Figure 1f). If plagio-
clase crystals only contain exsolved
magnetite with this direction, they
would exhibit extremely high anisot-
ropy. Addition of small number of
10 1'5 2'0 2'5 30 exsolvefj ma‘gnet?tes with different
elongation directions would produce
Pj large variation of anisotropy degree,
and addition of sufficient number of
such exsolved magnetites would result
in moderate anisotropy with little varia-
tion and stronger remanence. For cal-
culations, we used the median eigenvalues, (w;, w,, w3)=(2.22,1.23,0.37), to represent the typical
remanence anisotropy of the plagioclase crystals with sufficient remanence intensity.

0.5
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0.5

prolate
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Figure 5. A Jelinek diagram showing the distribution of P; and the shape parame-
ter (T)) of the ARM anisotropy tensors of the single plagioclase crystals.

Theoretically, the magnetic remanence vector M and paleomagnetic field H are related through the rema-
nence tensor K as: M=KH. In principle, the anisotropy bias can be corrected as: H=K™'M. But, in practice,
the determination of K always contains some experimental noise and this simple correction may not work
well. For example, Paterson [2013] conducted phenomenological numerical simulations of paleointensity
experiments, and concluded that the above correction should not be used for samples with P; > 3.5.
Because the plagioclase crystals exhibit much larger anisotropy, we investigated an alternative approach to
cancel out the anisotropy bias by measuring a number of plagioclase crystals. This approach assumes that
the whole rock is nearly isotropic. To evaluate the feasibility of this approach, we simulated the paleodirec-
tion and paleointensity estimates obtained from randomly oriented virtual crystals that have anisotropy
eigenvalues of (wy, wy, w3)=(2.22,1.23,0.37).

The paleodirectional bias is simply defined as the angle between the external field and the acquired rema-
nence, and this can be cancelled out by taking a simple arithmetic vector mean of the remanence direction.
On the other hand, paleointensity simulation is more complicated and requires some explanation. Typical

(a) (b)

0.30 0.5
i
0.20t v Y o f & R
2 vief88] Zo3f ; Db ]
S 0.15} VvegpH {1 = @
Z vV g H Z 0.2} §e .
Fowol f 8 1 <" : ¢
v whole rock sample
005} g ® . 01- g 7
0.00 ! ! ! ! 00l
0 20 40 60 80 100 0 20 40 60 80 100
DC [uT] DC [uT]

Figure 6. Acquisition of TRM and ARM. Remanence intensities are normalized by the IRM acquired in a 2.7 T field. Different plagioclase
samples are distinguished by different symbols. (a) TRM acquisition against applied DC field showing nonlinearity. Open symbols represent
an alteration check after all heating steps (see text for details). (b) ARM acquisition against applied DC field showing nonlinearity. Crosses
represent the whole-rock sample.
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30 . . . . . . paleointensity experiments compare
natural remanence ([M,];) and labora-
25| [ ] | tory remanence ([Mjq];), acquired in the
ancient field (H,.») and the laboratory
[} field (Hjap), respectively, with an assump-
20} 1 tion [e.g., Dunlop and Ozdemir, 19971:
A Y Horm 1/ 11[Mirm ] || = Hiao | | /|| [Mab ] 1]
Q_T 15} L4 b M
® [ ]
10 ) ° The subscript i denotes the remanence
i P ] measured on one specific crystal. The
[ ] %o paleointensity bias can be evaluated
Sen® g © ° ®
5b ..‘ P o 1 considering the distribution of the ratio
[ .
of the magnitude of natural remanence
0 , , , , , , to that of laboratory remanence:
0.0 0.5 1.0 1.5 2.0 2.25 3.0 3.5 1 = || Ml 11/1] Mo - (2)
mean ARM [nAm ] For simplicity, we set ||Hia||=||Hnm]|, SO
Figure 7. The correlation of the mean ARM and the corrected anisotropy that r;= 1 in the absence of remanence
degree (P)). The larger variation in P; at a smaller mean ARM implies that the anisotropy. In the presence of rema-

measurement error affects the tensor parameters. nence anisotropy, remanences meas-

ured from multiple crystals form a series
of random variables {||[M,m];||} and {||[Ma];||}. Because the probability distributions of {||[Mm];||} and
{||[Migs];||} are not standard distributions, the simple arithmetic mean of r; would not converge to the true
paleointensity. Indeed, numerical experiments showed that the simple arithmetic mean tends to overesti-
mate the true paleointensity. To circumvent this problem, we consider the geometric mean of r;. This would
converge to the true paleointensity if the geometric means of {||[Mym];} and {||[Mg];||} are the same. Since
we assume the rock to be isotropic, the orientation of H,, is random with respect to the remanence anisot-
ropy tensors of crystals within the rock. Suppose the orientation of H,, to be random with respect to the rem-
anence anisotropy tensor as well as to the orientation of Hy/m,. Then, {||[Mpm];||} and {||[Mia];||} become
identically distributed random variables, and the geometric mean of {||[Mis);||} is equal to the geometric
mean of {||[Mnm];||}. In practice, this situation can be easily realized by measuring unoriented single crystals.

Figure 8 shows the results of the paleodirection simulations. To illustrate the bias, we present the bias in the
individual measurements (Figure 8a). The bias in the average of a specific simulation is shown in Figure 8b,
together with the bootstrap 95% confidence intervals for the average calculated by the 5000 simulations
(Figure 8b). The confidence intervals show that individual measurements could contain a directional bias as
large as 46° (Figure 8a). Averaging 20 crystals reduces the directional bias to ~10°, and averaging 100 crys-
tals reduces the bias to ~5° for this specific example(Figure 8b). Note that, thanks to the strong remanence
intensity of the exsolved magnetites, it is not difficult to acquire tens of crystals containing exsolved mag-
netites from a rock specimen.

The paleointensity simulations (Figure 9) lead to conclusions similar to those of the paleodirection simula-
tions. The bias in individual measurements could be larger than a factor of 4 (Figure 9a), but averaging 20
crystals brings the estimate to within ~30% of the true paleointensity (Figure 9b) for this specific example.

Note that the above calculation assumes ideal SD behavior to highlight the anisotropy effect. In actual
experiments, factors such as non-SD behavior or experimental noise could reduce the effectiveness of the
averaging. It is also expected that the number of crystals required to average out anisotropy bias would
depend on remanence anisotropy, while remanence anisotropy of single silicate crystals containing
exsolved magnetite is still poorly known. Comparison of our data with those of Selkin et al. [2014] indicates
that anisotropy is variable among different rocks. Therefore, one should measure remanence anisotropy
from target rocks to estimate the necessary number to average out the anisotropy effect.

To test the effect of averaging on paleointensity estimates from silicate crystals containing exsolved mag-
netites, we conducted paleointensity experiments to reconstruct laboratory-induced TRM taken as
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Figure 8. Numerical simulations of the directional bias due to magnetic anisotropy of virtual plagioclase crystals (see text for details). (a)
Angular deviation of individual measurements in a single simulation. (b) Angular deviation for the mean remanence direction versus num-
ber of averaged crystals. For each number of crystals, 5000 simulations are conducted, and the results are plotted as histograms with 100
bins. Dashed lines represent the bootstrap 95% confidence limits calculated from 5000 simulations.

simulated natural remanent magnetization (NRM). We used 34 crystals from the Mount Edgar granite. The
crystals are different from those used in the anisotropy experiments. Crystals were first heated to 600°C and
cooled in a 20uT field using the custom made infrared heating apparatus to impart simulated NRM. Then,
orientations of the crystals were changed randomly, and we impart TRM using a 20T field. This is the same
with the intensity of the magnetizing field for the simulated NRM; thus, the true paleointensity is given by

r = 1.We took the ratio of the simulated NRM to total TRM as paleointensity estimates. The paleointensity
estimates are summarized in Table 2. The geometric mean of r gives an estimate of r as 0.99(0.77 ~ 0.23),
where the numbers in the parentheses represent the bootstrap 95% confidence interval. This indicates that
the geometric mean recovers the true value of r = 1 well. In contrast, the arithmetic mean of r gives an esti-
mate of the mean of r as 1.24(0.98 ~ 1.55), which overestimates the true value. These results agree with
the numerical simulation.

5.3. Significance of the TRM and ARM Acquisition Characteristics on Paleointensity

Nonlinearity in TRM acquisition in an external field of a few tens of uT (Figure 6a) would invalidate the basic
assumption of equation (1) in paleointensity experiments. Selkin et al. [2007] proposed to fit TRM acquisition
using a hyperbolic tangent function as
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* ‘ %5 3.5} count .
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Figure 9. Numerical simulations of the paleointensity bias due to magnetic anisotropy of virtual plagioclase crystals (see text for details).
(a) Paleointensity estimates of individual measurements, r, in a single simulation. (b) Paleointensity estimates from the geometric mean of
r versus number of averaged crystals. For each number of crystals, 5000 simulations are conducted, and the results are plotted as histo-
grams with 100 bins. Dashed lines represent the bootstrap 95% confidence limits calculated from 5000 simulations.
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M=c tanh(c,H), (3)

Table 2. Results of Paleointensity Simulation Experiments®
Sample NRM (107 '° Am?) TRM (107 '% Am?) r where M is TRM intensity, H is magnetic
PG157-pl-ss-b 439 3.35 131 field intensity, and ¢; and ¢, are scaling
PG157-pk-ss-c2 248 4 1.46 constants. Selkin et al. [2007] also sug-
PG157-pls-2 144 429 033 . -
PG157-pls-3 165 e 54 gested that the nonlinear TRM acquisition
PG157-pls-4 272 3.72 073 can be corrected using the inverse of the
PG157-pls-5 3.50 249 1.40 hyperbolic tangent function. However,
PG157-pls-6 6.14 534 1.15 t oh loaical paleointensit
PG157-pls-7 A - o recent phenomenological paleointensity
PG157-pls-8 2.86 536 0.53 simulations by Paterson [2013] indicate
PG157-pls-9 097 148 066 that the correction is reasonable when
PG157-pls-10 341 1.10 3.1 Ho t close to saturation (bel
PG157-pls-11 398 N a5 m iS NOt close to saturation (below
PG157-pls-12 443 7.59 0.58 85% of the saturation) [Paterson, 2013].
22‘571’:5“3 092 3.80 024 The hyperbolic tangent fittings to our

157-pls-14 0.66 2.08 032 S .
PG157-pls-15 e a7 0 data indicate that the TRM of plagioclase
PG157-pls-16 10.16 6.22 1.63 crystals reaches near saturation at an
PG157-pls-17 3.74 361 1.04 applied field of 100 uT, and 85% of the
PG157-pls-18 416 422 0.99 turation TRM ds to ~50uT
PG157-pls-19 By - 1 saturation corresponds to ~50uT.
PG157-pls-20 7.14 7.32 0.98 Thus, we propose that the plagioclase
PG157-pls-21 930 6.03 1.54 crystals have sensitivity to the ancient
PG157-pls-22 236 1.02 231 .
PG157-pls-23 0 35 023 field below 50 uT. If the ancient field was
PG157-pls-24 348 1.74 2.00 above 50 uT, TRM is too close to satura-
PG157-pls-25 1.95 3.00 0.65 tion, and the analysis of the plagioclase
PG157-pls-26 372 2.56 145 Id be able to set only a | bound
PG157-pls-27 15 e s would be able to set only a lower boun
PG157-pls-28 6.28 1042 0.60 for the ancient field intensity.
PG157-pls-29 3.60 5.18 0.69 o ) -
PG157-pls-30 3.06 1.49 2.06 ARM normalization is sometimes utilized as
PG157-pls-31 242 5.01 048 a paleointensity technique without heating
PG157-pls-32 227 501 045 . )
PG157-pls-33 . e iy [e.g., Bane'rjee and Mellema, 1974]. C'?nener
Arthmetic mean 124 ally, ARM is thought to be less efficient
95% confidence interval (low) 0.98 than TRM at the same DC field, with ARM/

0 ) !
95% Conﬁdence interval (high) 155 IRM on the order of 0.01 and TRM/ARM of
geometric mean 0.99 .
95% confidence interval (low) 0.77 1-4 [e.g., Garrick-Bethell et al., 2009; Yu,
95% confidence interval (high) 125 2010]. In contrast, ARM acquisition is very

295% confidence intervals were calculated by Bootstrap resampling. efficient in the exsolved magnetites stud-

ied here. The ARM/IRM was around 0.3 at a

DC bias field of 50 uT (Figure 6b). Cisowski
[1981] also reported efficient ARM acquisition of plagioclase from the Lambertville diabase [Hargraves and
Young, 1969] with an ARM/IRM around 0.3 at a DC bias field of 200 uT. Similarly high ARM efficiency was
reported from magnetotactic bacteria [e.g., Pan et al., 2005] or pelagic sediments that possibly contain mag-
netofossils [e.g., Yamazaki, 2008]; the minimal interactions in magnetosomes or magnetofossils were con-
sidered to be the cause of the high ARM efficiency in those samples. We argue that the ARM acquisition
characteristics are the sign of minimal magnetostatic interactions among the exsolved magnetites. The pla-
gioclase crystals show a TRM/ARM ratio of ~0.4 with an ARM larger than the TRM. This reinforces the claim
that ARM acquisition depends critically on grain size and concentration, and that ARM normalization should
be used with caution [Bailey and Dunlop, 1977].

6. Conclusions

We found tiny exsolved magnetite in plagioclase from a Paleoarchean granitoid in the Mount Edgar Com-
plex. Single plagioclase crystal measurements revealed that the exsolved magnetites are in near-SD state
with minimal magnetostatic interactions; thus, they have the potential to preserve reliable paleomagnetic
information for billions of years.

Plagioclase single crystals exhibit high ARM anisotropy with median eigenvalues of 40 plagioclase crystals
of (w1, w2, w3) = (2.22, 1.23, 0.37). For single silicate paleomagnetism using exsolved magnetites, it is
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necessary to average multiple crystals to mitigate the bias due to anisotropy. Using a numerical calculation
and simulated paleointensity experiments, we conclude that, for the plagioclases studied here, averaging a
few tens of crystals is predicted to reduce the directional bias below 10° and paleointensity bias below
30%. The same procedure would be applicable to the single silicate crystal measurements targeting
exsolved magnetite. TRM acquisition of the plagioclase crystals exhibits nonlinearity at DC fields of a few
tens of uT. Following the results of Paterson [2013], this behavior would limit the use of plagioclase crystals
in paleointensity experiment to the case where H,,,, is below 50 1T. Above this field, the plagioclase crystals
would be able to set the lower bound of the paleointensity. The TRM/ARM ratio of the plagioclase crystals is
~0.4 for the same DC field, distinctively lower than for other natural samples [e.g., Yu, 2010; Garrick-Bethell
et al., 2009]. Paleointensity experiments with ARM normalization applied to magnetic minerals such as
exsolved magnetite should be carried out with caution.

Although exsolved magnetites in silicate are not frequently reported from granitoid, they may not be rare.

In our sample, the magnetic properties of the whole rock do not reflect the presence of the exsolved mag-
netite. Microscopic observations and selective single crystal measurements are essential to detect the pres-
ence of exsolved magnetite and to isolate the paleomagnetic information carried by them.
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