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Absolute geomagnetic paleointensity measurements were conducted on samples from six mafic dikes
of the ~2.41 Ga Widgiemooltha swarm (Western Australia). Rock magnetic analyses indicate that the
paleointensity signal is carried by nearly stoichiometric pseudosingle-domain magnetite and/or low-
Ti titanomagnetite. Paleointensity values were determined using the Thellier double-heating method
supplemented by low-temperature demagnetizations (the LTD-Thellier method) in order to reduce the
effect of magnetic remanence carried by large pseudosingle-domain and multidomain magnetite grains.
Thirty-one samples from five dikes yielded successful paleointensity determinations with the mean value
of 41.2 + 3.8 pT, which corresponds to a virtual dipole moment of 6.65 & 0.98 Am?. The mean and
range of paleofield strength values are similar to those of the recent Earth’s magnetic field and are
consistent with a compositionally driven geodynamo established by the earliest Paleoproterozoic Era.
The existence of a stable, dipolar geomagnetic field during the Proterozoic indicated by paleointensity
and paleodirectional data from this and prior studies seems incompatible with a young age of the inner
core suggested by recent models of the Earth’s thermal evolution. Acquisition of reliable paleointensity
estimates using the novel approaches such as the LTD-Thellier method is crucial in constraining the
development of more realistic, Earth-like models of long-term geodynamo behavior.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Data on the long-term behavior and configuration of the ge-
omagnetic field during the Precambrian are crucial for under-
standing the nature of Earth’s early geodynamo and constraining
models of planetary evolution (e.g., Coe and Glatzmaier, 2006;
Evans, 2006; Aubert et al., 2010; Smirnov et al., 2011). These data
are also indispensable for deciphering potential causative links be-
tween the evolution of geomagnetic field and other components of
the Earth system. For example, a weak or unstable field of an early
geodynamo could result in a stronger effect on the atmosphere
and biosphere from solar and cosmic radiation (e.g., Sinnhuber et
al., 2003; Ozima et al., 2008; Tarduno et al., 2010, 2014). How-
ever, our knowledge of the Precambrian geomagnetic field remains
very limited, especially with regard to the field strength (paleoin-
tensity), which represents one of the most challenging aspects of
paleomagnetic research (e.g., Tauxe and Yamazaki, 2007).

The Precambrian paleointensity database comprises less than
five per cent of the total paleointensity database and is character-
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ized by an uneven temporal and spatial distribution (e.g., Smirnov
et al., 2003; Tauxe and Yamazaki, 2007; Biggin et al., 2009). More-
over, many of the Precambrian paleointensity results are based on
a small number of cooling units (e.g., Morimoto et al.,, 1997), and
some data clearly reflect alteration processes (e.g., Yoshihara and
Hamano, 2004). Consequently, the database does not yet provide a
reliable picture of the long-term changes of the Earth’s magnetic
field strength in the Precambrian.

The majority of paleointensity determinations for the Phanero-
zoic are derived from extrusive rocks (mostly basaltic lavas) us-
ing variations of the Thellier double-heating method (Thellier and
Thellier, 1959). However, many Precambrian extrusive sequences
have been lost to erosion, and the remaining rocks are often af-
fected by weathering, deformation, and/or metamorphism, hin-
dering the preservation and measurement of paleointensity sig-
nal using the Thellier approach. Because of the rarity of well-
preserved extrusive Precambrian rocks, relatively quickly cooled
shallow intrusions such as mafic dikes and sills represent an at-
tractive alternative target for paleointensity studies. Prominent
globally distributed mafic dike swarms represent the feeder sys-
tems of large igneous provinces (e.g., Ernst and Buchan, 1997) and
often preserve pristine paleomagnetic and geochemical signatures
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Fig. 1. Locations of sampling sites used for rock-magnetic and paleointensity analy-
ses in this study. The site numbers correspond to the numeration used in Smirnov
et al. (2013). Stars indicate the sites that yielded three or more successful paleoin-
tensity determinations (Table 1). Thin lines within the Yilgarn craton (shaded area)
indicate the Widgiemooltha dike swarm; thicker solid lines show the Binneringie
(BD), Jimberlana (JD), Celebration (CD) and Randalls (RD) Dykes.

(e.g., Halls, 2008). Several dike swarms have been successfully used
for paleointensity determinations (e.g., Macouin et al., 2003, 2006;
Smirnov et al., 2003; Halls et al., 2004; Shcherbakova et al., 2008).

The Thellier method is ultimately based on the laws of reci-
procity, independence, and additivity for partial thermal rema-
nent magnetization (pTRM) (Thellier, 1941). The Thellier laws
hold to a good approximation if the magnetization is carried by
single-domain (SD) or smaller pseudosingle-domain (PSD) mag-
netic grains, but are violated for larger PSD and multidomain
(MD) carriers (e.g., Shashkanov and Metallova, 1972; Bolshakov
and Shcherbakova, 1979; Shcherbakov and Shcherbakova, 2001).
The presence of such “non-ideal” grains in many rocks renders pa-
leointensity determination difficult or sometimes impossible (e.g.,
Xu and Dunlop, 2004).

In order to extend the applicability of the Thellier method to
rocks containing larger PSD and MD magnetite grains, integra-
tion of the Thellier technique with low-temperature demagnetiza-
tion (LTD) was suggested (e.g., Schmidt, 1993). Low-temperature
demagnetization consists in temperature cycling of a magnetite-
bearing sample through the crystallographic Verwey transition of
magnetite at ~120 K (Verwey, 1939) in a magnetic field-free envi-
ronment. LTD selectively removes or minimizes the signal carried
by non-ideal MD and large PSD grains (e.g., Ozima et al., 1964;
Levi and Merrill, 1978). Some studies suggest (e.g., Kosterov et al.,
2009; Engelmann et al., 2010) that LTD may also have a similar ef-
fect for low-Ti titanomagnetites (up to 55% Ti content) due to the
presence of an isotropic point (Syono, 1965; Kakol et al., 1991).
Thellier experiments combined with LTD (the LTD-Thellier method)
have resulted in a higher success rate and better quality of paleoin-
tensity results from extrusive and intrusive rocks (Schmidt, 1993;
Celino et al., 2007; Kulakov et al., 2013).

In this paper, we report new absolute paleointensity data
obtained using the LTD-Thellier method from the ~2.41 Ga
Widgiemooltha mafic Dike Swarm in Western Australia, and dis-
cuss the implications of our results for the early geodynamo.

2. Widgiemooltha Dike Swarm

The generally east-west trending dikes of the Widgiemooltha
swarm outcrop over the entire Yilgarn craton in Western Aus-
tralia (e.g., Sofoulis, 1966; Parker et al., 1987) (Fig. 1). Most of
the dikes have picrite, olivine-dolerite or quartz-dolerite composi-
tion and have not been affected by significant metamorphic events
since their formation (e.g., Hallberg, 1987). A baddeleyite U-Pb age
of 2418 £+ 3 Ma was reported for the westernmost extension of
the ~600-km-long Binneringie Dyke (Nemchin and Pidgeon, 1998),
while a slightly younger age of 2410.3+ 2.1 Ma was obtained by
electron microprobe U-Pb analyses of baddeleyites from an east-
ern location in the same dike (French et al.,, 2002). Doehler and
Heaman (1998) reported a baddeleyite U-Pb age of 2410.6 + 2.1/
—1.6 Ma for the Celebration Dyke. Finally, an Rb-Sr and Sm-Nd
isochron age of 2411 438 Ma was reported for the ultramafic core
of the ~180-km-long Jimberlana intrusion (Fletcher et al., 1987).
The consistency of isotopic ages further indicates the excellent
preservation of the dikes.

Well-defined characteristic remanent magnetization (ChRM) di-
rections with the mean of D = 247.5°, | = —66.6° (g5 = 4.8°)
were obtained from thirteen sites representing nine separate dikes
(Smirnov et al.,, 2013; incorporating data from Evans, 1968). The
primary origin of ChRM has been confirmed by baked-contact
tests. The corresponding paleomagnetic pole, located at 10.2°S,
159.2°E (Ags = 7.5°, N =9 dikes) (Smirnov et al., 2013), has
the highest score (Q = 7) on the paleomagnetic reliability scale
(Van der Voo, 1990).

For this study, we conducted rock magnetic and paleointen-
sity analyses on samples from eleven sites representing eight of
the nine dikes that yielded the Widgiemooltha ChRM directions
(Smirnov et al., 2013). Unfortunately, no material from the single
measured reversely-magnetized Widgiemooltha dike (Site H from
Evans, 1968) was available for this study.

3. Magnetic mineralogy

We conducted rock magnetic and scanning electron microscope
analyses of the selected Widgiemooltha dikes in order to deter-
mine their magnetic mineralogy and suitability for paleointensity
experiments. The opaque mineralogy of our samples was exam-
ined using a model JEOL JSM-6400 scanning electron microscope
(SEM) equipped with an energy dispersive spectra (EDS) detector.
Backscattered electron imaging was used to identify oxide grains.
The grains varied in size from over a hundred microns to less than
five microns, containing one or several subordinate sets of lamellae
at micron to sub-micron scale (Fig. 2a-f).

The composition of the oxide grains was determined by means
of energy dispersive spectrometry. The EDS analyses showed that
the bright areas in the oxide grains separated by lamellae repre-
sent an iron oxide phase with no or very low titanium content
(Fig. 2g). The spectra measured from the darker phase (lamellae)
indicate an iron-titanium oxide with a higher Ti content (Fig. 2h).
Similar exsolution lamellae were observed for the Jimberlana Dyke
by McClay (1974). We note that exact measurement of the iron
and titanium content was not possible because of the relatively
large interaction volume of the electron beam (~2 pm). No homo-
geneous iron-titanium oxide, iron oxide, or titanium oxide grains
were identified by the SEM analyses. In some samples, rare grains
of chalcopyrite and pyrite were found.

Temperature dependences of low-field magnetic susceptibility,
k(T), were measured upon cycling from room temperature to
700°C (in argon) using an AGICO MFK1-FA magnetic susceptibility
meter equipped with a high-temperature furnace and a cryostat.
The x(T) curves were also measured during heating from —192°C
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Table 1

Summary of paleointensity data from the Widgiemooltha dikes. n and s: the number of samples and specimens measured; N: the number of samples with accepted
paleointensity determination; H: site-mean paleofield intensity and its standard deviation (dH); Apqleo: Paleolatitude used to calculate site-mean virtual dipole moment
(VDM) with its standard deviation (dVDM); f and q: the fraction of the NRM and the quality factor (Coe et al., 1978) with their standard deviations (S.D.).

Site n/s/N H dH hpaleo VDM dVDM f+£S.D. q+£S.D.
(nT) (nT) ) (x10%2 Am?) (x10%22 Am?)

Site 1¢ 7/13/5 40.3 14 453 6.80 0.23 0.82+£0.05 14.0+6.8
Site 267 6/10/5 443 15 49.1 6.95 0.24 0.88+0.02 15.0+4.4
Site 9, 25° 8/16/4 46.0 31 49.9 717 0.39 0.84+0.06 13.7+7.1
Binneringie Dyke mean 3 43.5 29 - 6.97 0.19 - -

Site 7° 7/14/4 42.4 17 50.8 6.55 0.26 0.85+0.02 18.5+9.3
Site 14 8/13/6 45.4 19 36.9 8.13 0.33 0.86 £0.03 14.7+9.6
Site 15 4/8/2 43.6 31 52.2 6.65 0.48 0.83+£0.02 13.1+1.7
Site 23¢ 4/8/3 39.0 2.0 51.2 6.01 0.30 0.83+£0.06 16.8+7.5
Site 244 6/10/4 35.8 23 50.0 557 0.35 0.87+0.05 14.9+£8.2
Total mean 46/84/31 412 3.8 - 6.65 0.98 - -

3 Binneringie Dyke; ° Jimberlana Dyke; ¢ Celebration Dyke;

official nomenclature); ~ Site 15 data were not used in the total mean calculation.
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Fig. 2. (a, ¢, e) Examples of backscattered electron images of magnetic grains of the
Widgiemooltha dikes showing intergrowths of no/low-Ti (lighter areas) and high-
Ti (darker areas) phases. (b, d, f) Examples of finer intergrowth of the no/low- and
high-Ti phases within grain interiors (see text). (g, h) Typical energy dispersive spec-
tra from the (g) no/low-Ti and (h) high-Ti phases, interpreted as magnetite and
ilmenite/ulvospinel, respectively (see text).

to room temperature both before and after the high-temperature
thermomagnetic runs (Fig. 3).

For eight sites, many samples yielded (nearly)-reversible «(T)
curves revealing the presence of a magnetic phase with Curie
temperatures in a range of 560°C to 585°C, indicating mag-

d Randalls Dyke (sites 14 and 15 represent the dikes that have not been individually named in the
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Fig. 3. (a-g) Examples of dependences of low-field magnetic susceptibility (k) ver-
sus temperature for the Widgiemooltha sites that yielded successful paleointensity
determinations (Table 1). (h) An example of irreversible «(T) curve for a sample
rejected from paleointensity experiments (see text). Arrows show the direction of
temperature change. The peak at about —153°C corresponds to the Verwey tran-
sition of magnetite (Verwey, 1939). Sites 1, 3, 26, 9/25 represent the Binneringie
Dyke; Site 7, the Jimberlana Dyke; Site 14, an unnamed dike; Site 23, the Celebra-
tion Dyke; Site 24, the Randalls Dyke (Fig. 1).
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netite to low-Ti titanomagnetite as a magnetic carrier (Fig. 3a-g).
When heated in argon, most samples show a gradual increase
of «, followed by a sharp decrease of k to the Curie tempera-
ture (Fig. 3a-g). Such a behavior is characteristic for pseudosingle-
domain (PSD) magnetite grains (e.g., Dunlop, 1974; Clark and
Schmidt, 1982). No or negligible change of room-temperature mag-
netic susceptibility suggests the absence of significant alteration in
these samples. The difference between the heating and cooling legs
of k(T) curves observed at high temperatures likely reflects a non-
unique response of PSD and MD grains to the applied magnetic
field due to relaxation of internal stress by heating (e.g., Kosterov
and Prévot, 1998). The presence of a characteristic peak at about
—153°C, associated with the Verwey transition further indicates
the presence of nearly-stoichiometric magnetite.

For three sites, all measured samples yielded irreversible « (T)
curves, typically indicating formation of additional magnetic ma-
terial (Fig. 3h). In many such samples, the post-heating low-
temperature run was characterized by a more expressed Verwey
transition peak, suggesting that the new magnetic phase is mag-
netite. The new magnetite may be a product of heating-induced
transformation of clays (e.g., Hirt and Gehring, 1991) or form
by continued exsolution of titanomagnetite grains into a high-Ti
and magnetite (low-Ti) phases (e.g., Smirnov et al, 2005). Re-
gardless of the alteration mechanism, the samples manifesting the
irreversible «(T) curves were not used for paleointensity experi-
ments.

Magnetic hysteresis parameters (coercivity, H; coercivity of
remanence, H¢; saturation remanence, M;; and saturation mag-
netization, Mg) were measured using a Model 2900 Princeton
Measurement Corporation Alternating Gradient Field Magnetome-
ter. The hysteresis measurements indicate a pseudosingle domain
(PSD) magnetic carrier in all samples (Fig. 4), consistent with the
results of our thermomagnetic analyses and with the characteristic
size (sub-micron to microns) of the magnetite regions intergrown
with a high-Ti phase observed by SEM. For several samples that
yielded nearly-reversible k (T) curves, magnetic hysteresis was also
measured after temperature cycling of the samples to 600 °C. Most
of the samples showed no or negligible change in hysteresis be-
havior after the temperature treatment, further confirming their
magnetic stability with respect to the laboratory heating.

4. Paleointensity determination
4.1. Experimental technique

The paleointensity analyses were performed on cylindrical
mini-specimens (10 mm diameter, 10 mm length) (e.g., Leonhardt
et al., 2000; Celino et al., 2007; Muxworthy et al., 2013) rep-
resenting 50 samples using the Thellier double-heating method
modified by Coe (1967) and Coe et al. (1978) (Table 1). Magnetic
remanence of the specimens was measured using a 2 G DC su-
perconducting quantum interference device (SQUID) magnetometer
housed in magnetically shielded environment. The specimens were
heated in an ASC TD-48SC thermal specimen demagnetizer with
controlled atmosphere (nitrogen) chamber. The specimens were
always placed in the furnace at exactly the same location and with
the same orientation relative to the applied magnetic field. A lab-
oratory field of 50 uT was used for in-field steps to impart partial
thermal remanent magnetizations (pTRMs).

After measurement of NRM from each sample, the first heat-
ing in our experiments was done to 400°C to eliminate the
low-temperature component of NRM in a single step and reduce
the chance of heating-induced alteration. Temperature increments
were adjusted to best record the component with high unblock-
ing temperatures (400°C; 450°C; 475°C, 510°C, 10°C step in
525-585°C range, 600 °C).

In order to reduce the effect of magnetic remanence carried by
large PSD and MD grains, samples were subjected to three low-
temperature demagnetizations (LTD) in liquid nitrogen after the
measurement of NRM and after each heating (e.g., Kobayashi and
Fuller, 1968; Celino et al., 2007; Kulakov et al., 2013). The mag-
netic remanence was measured after LTD treatment and, for the
Binneringie Dyke samples, also before LTD. After the experiment,
the measured data were plotted on an Arai (NRM-remaining ver-
sus pTRM-gained) plot (Arai, 1963; Nagata et al., 1963) (Figs. 5
and 6). The paleointensity data processing was done using the
ThellierTool-4.22 program (Leonhardt et al., 2004).

To monitor possible alteration during the paleointensity experi-
ment, pTRM checks (Coe et al., 1978) were utilized for temperature
steps above 510°C: after every second off-field temperature step,
an on-field step at a lower temperature was measured. An addi-
tional pTRM check for 575°C was done after heating to 600 °C.
A pTRM check was accepted if it fell within 10% of the original
pTRM value. In addition, we used the following reliability crite-
ria: (1) The linear segment on the Arai plot used to calculate the
paleofield is based on at least 5 data points and represents at
least 50% of natural remanent magnetization (fraction of NRM, f,
as defined by Coe et al., 1978); (2) The quality factor q (Coe et
al.,, 1978) is five or greater; (3) The directional data of the zero-
field steps must have a maximum angle of deviation (MAD) less
than 10°. A mean paleointensity value for a site was accepted if it
was based on successful determinations from at least three sam-
ples.

Overall, paleointensity determinations from 33 samples (eight
sites) representing six dikes were accepted based on our reliability
criteria (Table 1). Twenty-eight accepted determinations belonged
to Class A and five to Class B as defined by the criteria incor-
porated in the ThellierTool-4.22 program (Leonhardt et al., 2004).
Most rejected determinations had the quality factor less than five,
or failed the pTRM checks. No obvious correlation was observed
between the rock magnetic properties and success of paleointen-
sity determination from a sample (Fig. 4e).

4.2. Paleointensity results

For all measured samples, demagnetization of NRM by zero-
field temperature steps yielded a stable characteristic remanent
magnetization component identified by straight linear demagne-
tization trajectory towards to the origin of vector end-point di-
agrams (Figs. 5 and 6). The ChRM directions were statistically
similar to the directions obtained from the corresponding sam-
ples in our companion paleomagnetic directional study of the
Widgiemooltha dikes (Smirnov et al., 2013).

All accepted samples manifested linear behavior on the LTD-
Thellier Arai plots above 510-525°C (Figs. 5 and 6). While the
initial LTD resulted in removal of a part of the original NRM, subse-
quent LTDs during the paleointensity experiments resulted almost
entirely in partial demagnetization of the pTRM-gained while the
NRM remaining after each temperature step was not significantly
affected (Fig. 5). For our paleointensity determinations, we used a
high-temperature part of the Arai plot above 510-525°C (Table 1).

Three sites (14 samples) representing the Binneringie Dyke
(Sites 1, 9/25, and 26) yielded consistent paleointensity values
with the mean of 43.5 £ 2.9 uT (the mean virtual dipole mo-
ment, VDM, is 6.97 + 0.19 x 1022 Am?2) (Table 1). Four samples
from Site 7 (the Jimberalana Dyke) yielded the mean paleointensity
of 42.44 1.7 uT (VDM = 6.55 £ 0.26 x 10%2 Am?). Six success-
ful paleointensity determinations with the mean of 45.4 + 1.9 puT
(VDM = 8.13 & 0.33 x 10?2 Am?) were obtained from Site 14.
Three and four paleointensity determinations were accepted for
Sites 23 (the Celebration Dyke) and 24 (the Randalls Dyke), respec-
tively, with the corresponding mean values 39.0 £+ 1.8 uT (VDM =
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Fig. 4. (a, ¢, d) Typical magnetic hysteresis loops (after paramagnetic slope correction) for the Widgiemooltha dike sites that yielded successful paleointensity determinations.
(b) An example of backfield demagnetization of saturation remanence. (e) The Day plot (Day et al., 1977). Solid/open triangles show the data from samples that resulted
in successful/failed paleointensity determinations. Abbreviations are: Hc, coercivity; H, coercivity of remanence; M;s, saturation remanence; Ms, saturation magnetization;
SD, single-domain; PSD, pseudosingle-domain; MD, multidomain; SP, superparamagnetic. Also shown are SD-MD mixture models from Dunlop (2002). Site 1 represents the

Binneringie Dyke; Site 7, the Jimberlana Dyke; Site 14, an unnamed dike (Fig. 1).

6.01 & 0.27 x 10?2 Am?) for Site 23 and 35.8 + 2.3uT (VDM =
5.57 +0.35 x 10%2 Am?) for Site 24. The grand mean paleointen-
sity calculated from all five dikes is 41.2 £+ 3.8 uT, and the mean
VDM is 6.65 +0.98 Am? (Table 1; Fig. 7).

A difference in cooling rate between the natural remanence
and laboratory pTRM acquisitions may result in an overestima-
tion (e.g., Dodson and McClelland-Brown, 1980; Halgedahl et al.,
1980) or underestimation (McClelland-Brown, 1984) of paleointen-
sity for rocks containing SD or MD magnetic carriers, respectively.
We used a conductive cooling model (Jaeger, 1968) to calculate the
time required for two sites (Site 1 and Site 9/25) representing the
Binneringie Dyke (the largest Widgiemooltha dike) to cool from
580°C to 510°C (approximately the maximum and minimum lab-

oratory unblocking temperatures of our samples). Assuming that
1200°C magma intruded a 20°C country rock in a single event,
the time was found to be ~ 150 years for Site 1 (~350 m width)
and ~ 950 years for Site 9/25 (~1000 m width).

Intrusion into a deeper-seated, and thus hotter, country rock
would reduce the cooling rate. For example, for intrusion into a
200°C country rock, the calculated cooling times for Sites 1 and
9/25 are ~450 and 1900 years, respectively. If our rocks contained
ideal SD magnetic grains and the dikes were intruded into hot
crust, the corresponding Thellier data could overestimate the true
field by ~34-37% for these sites (Halgedahl et al., 1980). How-
ever, our SEM analyses indicate that the Widgiemooltha samples
do not contain true SD grains. Instead, the “post-LTD” remanences,
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Fig. 5. Examples of successful LTD-Thellier paleointensity determinations from the Binneringie Dyke (Sites 1, 25, and 26). (a, ¢, e) Natural remanent magnetization lost partial
thermoremanent magnetization gained (solid circles). Open circles show the data measured before low temperature demagnetization (see text). Temperatures shown on the
Arai plots specify the temperature range to find the best fit line. Triangles are partial TRM checks. (b, d, f) Orthogonal vector plots of field-off steps (vertical projection of

NRM, open circles; horizontal projection of NRM, closed circles).

resulting in the linear SD-like Arai plots, are likely to be carried
by small PSD grains and/or “magnetically-hard” domain structures
within larger PSD grains (e.g., Dunlop and Ozdemir, 1997). We note
that recent theoretical and experimental results (Winklhofer et al.,
1997; Yu, 2011; Ferk et al., 2014) suggest that the cooling rate
correction for PSD grains is negligible. In addition, the Binneringie
Dyke calculations above represent the maximum possible cooling
times in this study, as those sites are from the greatest widths
of the intrusions; consistency of VDM values from Widgiemooltha
dikes of varying widths supports the notion that variable cool-
ing rates did not bias the paleointensity results. Accordingly, we
did not apply cooling rate corrections to our paleointensity re-
sults.

5. Discussion
5.1. Paleointensity determinations from the Widgiemooltha dikes

Our rock magnetic analyses show that some of the Widgiemo-
oltha dikes possess rock magnetic characteristics which make them
suitable for paleointensity experiments using the LTD-Thellier
method and are likely to retain a pristine record of the strength
of Earth’s magnetic field that existed at ~2.41 Ga. The incorpora-
tion of low-temperature demagnetization into the Thellier protocol
has resulted in linear high-temperature segments on Arai plots
and relatively high quality factors of paleointensity determinations
(Table 1). The experimental success rate of ~37 per cent is com-

parable with that of the paleointensity studies of much younger
rocks. Overall, we feel that the LTD-Thellier values provide accu-
rate estimates of the paleofield intensity because the LTD removes
the adverse effects associated with magnetizations of PSD and MD
magnetite grains.

The angular dispersion of virtual geomagnetic poles S = (12.2+
4.0)° calculated for the five dikes that yielded accepted pa-
leointensity determinations is indistinguishable from the value
of S = (11.7 £ 1.9)° calculated for the entire paleodirectional
Widgiemooltha dataset (Smirnov et al., 2013). Although this sim-
ilarity can be fortuitous because of the limited number of inde-
pendent cooling units (5 dikes), it indicates that our mean pale-
ointensity value may represent a time-averaged field reasonably
well.

Although nearly stoichiometric magnetite is the dominant car-
rier of paleointensity signal in our samples as indicated by ther-
momagnetic analyses (Fig. 3), the samples may contain a small
amount of magnetic grains that are unaffected by LTD. For ex-
ample, greater than 3% Ti substitution for Fe in magnetite com-
pletely suppresses the Verwey transition (e.g., Kakol et al., 1992)
and greater than ~15% Ti content in titanomagnetite shifts the
isotropic temperature below 77 K (e.g., Kakol et al., 1991). The
presence of such grains would result in a shallowing of the Arai
linear segment used for paleointensity calculation. Hence, we can-
not rule out that some of our values slightly underestimate the
field strength.
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Fig. 6. Examples of LTD-Thellier paleointensity determinations from Sites 7 (the Jimberlana Dyke), 14 (an unnamed dike), 23 (the Celebration Dyke), and 24 (the Randalls
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temperature range to find the best fit line. Triangles are partial TRM checks. (b, d, f, h) Orthogonal vector plots of field-off steps (vertical projection of NRM, open circles;

horizontal projection of NRM, closed circles).

The presence of low- and high-Ti phase intergrowths in the
Widgiemooltha dikes (Fig. 2) also suggests a possibility that their
characteristic remanence may include a thermochemical remanent
magnetization (TCRM) (e.g., Smirnov and Tarduno, 2005). A TCRM
is imparted if the (oxy)exsolution process during initial lava cool-
ing continues at temperatures below the Curie point of magnetite
(Nagata and Kobayashi, 1963). Smirnov and Tarduno (2005) sug-
gested that the presence of TCRM in intrusive rocks may lead to an
underestimate of the true field value without violating experimen-
tal selection criteria of the Thellier method. Although the effect
of TCRM on paleointensity determinations is still poorly under-
stood and is difficult to estimate quantitatively (e.g., Fabian, 2009),
we cannot completely exclude the possibility of a low-field bias
in some of our paleointensity estimates due to the presence of a
TCRM. We note that the incorporation of LTD to the Thellier pro-
tocol would not correct for such a TCRM-related bias.

5.2. Comparison with the early Paleoproterozoic-Neoarchean
paleointensity data

The Precambrian paleointensity database is very sparse, with
data points commonly separated by tens or even hundreds of mil-
lions of years. The current database can thus only reflect very-long
term data trends such as a hypothetical sharp increase in the field
strength associated with the start of modern compositional geody-
namo (e.g., Stevenson et al., 1983), or a variation of paleointensity
related to long-term changes in the mantle convection affecting
the forcing of the geodynamo (e.g., Tarduno et al., 2006). Below,
we compare our Widgiemooltha results with the other paleoin-
tensity data for the early Paleoproterozoic and Neoarchean Eras
(2100-2900 Ma) (Table 2; Fig. 7).

The paleointensity data closest in time to our Widgiemooltha
dike study are from the border dikes of the ~2.45 Ga Burakovka
layered intrusion (Karelia, Russia). Fifteen successful Thellier anal-
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Table 2

Paleointensity results for the Neoarchean and early Paleoproterozoic (2000-2900 Ma) based on the Thellier (TC) and microwave (MW) methods. VDM is the mean VDM with

1o uncertainty, B/N is the number of sites/samples used to calculate the mean VDM.

Rock unit Letter Age VDM B/N Method Reference

code (Ma) (x10%2 Am?)
Fort Frances dikes FM 2076 +5 1.07+£0.16 3/7 TC Macouin et al. (2003)
(Canada) FH 3.88+0.63 3/3 MW Halls et al. (2004)
Marathon dikes MR 2104 +5 1.72+0.14 2[2 MW Halls et al. (2004)
(Canada), R-polarity
Marathon dikes MM 2121 +14/7 1.03+0.22 4/12 TC Macouin et al. (2003)
(Canada), N-polarity MH 3.68+0.98 3/4 MW Halls et al. (2004)
Biscotasing dikes BM 2167 +£2 0.85+0.10 2/6 TC Macouin et al. (2003)
(Canada) BH 5.85+1.69 4/4 MW Halls et al. (2004)
Senneterre dikes (Canada) ST 2216 +8/4 1.26 +0.87 1/4 TC Macouin et al. (2003)
Dharwar dikes (India) DW 2367+ 2 1.3+ 1.0 224 TC Valet et al. (2014)
Widgiemooltha dikes w 2414 +3 6.65 +0.98 8/31 TC This study
(Western Australia)
Burakovka border dikes BR 2449 +1 8.43+2.11 4/15 TC Smirnov et al. (2003)
(Russia)
Matachewan dikes MH 2460 + 14 2.53+0.93 12/12 MW Halls et al. (2004)
(Canada) MM 2.80 £0.87 5/26 TC Macouin et al. (2003)
Dolerite dike (West WG1 2585 + 21 2.30+0.42 1/14 TC Miki et al. (2009)
Greenland)
Dolerite dikes (Slave SP1 2631+ 11 9.0+£0.2 1/7 TC Yoshihara and Hamano (2000)
Province, Canada) SP2 6.3+0.2 1/5 TC
Stillwater complex SC 2701 +8 5.05 + 1.46* 53/114 TC Selkin et al. (2008)
(Montana, USA)
Pilbara lava flow PL 2721+4 4.7 +£0.6** 1/3 TC Biggin et al. (2009)
(Western Australia)
Dolerite dike (West WG2 2752 + 63 1.9+0.6 1/12 TC Morimoto et al. (1997)
Greenland)
Modipe Gabbro (Botswana) MG 2784+ 4 6.4 +0.4™** 1/18 TC Muxworthy et al. (2013)

Notes: * Corrected for the cooling rate, anisotropy of remanent magnetization, and non-linear TRM acquisition; ** corrected for magnetomineralogical alteration during

laboratory experiments; *** corrected for the cooling rate.
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Fig. 7. Neoarchean and early Paleoproterozoic virtual dipole moment (VDM) data
(with 1o uncertainties) (Table 2). Larger black (smaller grey) symbols show the
VDM means based on four or more (three or less) sites. Closed and open symbols
show the results from quickly (extrusives, shallow intrusions) and slowly cooled
rocks, respectively.

yses on single plagioclase crystals from four dikes resulted in the
mean value of 8.43 +2.11 x 1022 Am? (Smirnov et al., 2003). The
slightly older, ~2.46 Ga Matachewan mafic dikes (Ontario, Canada)
yielded substantially lower paleointensity values. Macouin et al.
(2003) reported a mean VDM value of 2.80+0.87 x 1022 Am? from
five dikes, while Halls et al. (2004) used the microwave-Thellier
technique (e.g., Walton, 1991; Walton et al., 1996) to obtain a
mean VDM value of 2.53 & 0.93 x 1022 Am? from twelve Mat-
achewan dikes. McArdle et al. (2004) and Smirnov and Tarduno
(2005) reported similar low VDM values obtained with the Thel-
lier method from four and two Matachewan dikes, respectively.

For the Neoarchean era, Miki et al. (2009) reported a low VDM
value of 2.30 £+ 0.42 x 1022 Am? from a single ~ 2.59 Ga dolerite
dike from West Greenland. A similar VDM of 1.9+ 0.6 x 10*2 Am?
was reported from a nearby ~ 2.75 Ga dolerite dike (Morimoto et
al., 1997). On the other hand, Yoshihara and Hamano (2000) re-
ported relatively high mean paleointensity values of 6.3 + 0.2 x
1022 Am? and 9.0 + 0.2 x 10?2 Am? from two ~ 2.63 Ga do-
lerite dikes from the Slave Province (Canada). Finally, Biggin et al.
(2009) reported a 4.7 & 0.6 x 1022 Am? VDM value from a single
~2.72 Ma lava flow from the East Pilbara craton (Western Aus-
tralia).

The Neoarchean data also include two Thellier paleointensity
determinations based on slowly cooled rocks. Selkin et al. (2008)
obtained a mean VDM of 5.05 + 1.46 x 1022 Am? from 53 sites of
the ~ 2.7 Ga Stillwater Complex (Montana, USA) after correcting
their data for the cooling rate, remanence anisotropy, and non-
linear TRM acquisition. Muxworthy et al. (2013) reported a mean
cooling-rate-corrected VDM of 6.4 4+ 0.4 x 1022 Am? from a single
site from the ~2.78 Ga Modipe Gabbro (Botswana), although as
noted by Tarduno et al. (2014), this result did not include any esti-
mates of post-emplacement tilting, which, due to the steepness of
the in-situ remanence vector, would likely cause underestimation
of the true field strength.

The early Paleoproterozoic data are based on paleointensity in-
vestigations of several mafic dike swarms. Valet et al. (2014) ob-
tained a low paleointensity value of 1.30 & 1.00 x 10%2 Am? from
two ~2.37 Ga dikes from the Dharwar dike swarm in southern In-
dia. Macouin et al. (2003) reported similar low paleointensity val-
ues obtained with the Thellier method from ~2.22 Ga Senneterre
dikes (the mean VDM = 1.26 + 0.87 x 1022 Am?), the ~2.17 Ga
Biscotasing dikes (0.85+0.10 x 1022 Am?), the ~2.12 Ga Marathon
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dikes (1.03 £ 0.22 x 10%2 Am?), and the ~2.076 Ga Fort Frances
dikes (1.07 & 0.16 x 1022 Am?). Investigation of several of these
dike swarms using the microwave method (Halls et al., 2004),
however, resulted in systematically higher paleointensity values:
5.85 + 1.69 x 1022 Am? for the Biscotasing dikes, 3.88 £ 0.63 x
1022 Am? for the Fort Frances dikes, and 3.68 + 0.98 x 10%2 Am?
and 1.72 4 0.14 x 1022 Am? for the normal and reversed polarity
Marathon dikes, respectively. Halls et al. (2004) suggested that the
difference between their results and those of Macouin et al. (2003)
may be due to the presence of secondary magnetizations in the
samples used in the earlier study.

Overall, the early-Paleoproterozoic-Neoarchean data do not re-
veal any obvious long-term trends in the field strength behavior
(Fig. 7, Table 2). However, the data show a significant scatter with
the abundance of low paleointensity values. While some of these
weak-field values may represent the secular variation of geomag-
netic field, some may reflect the effect of TCRM (Smirnov and
Tarduno, 2005). We note that the formation and relative strength
of TCRM ultimately depend on the cessation temperature and the
resulting oxide assemblage of originating sub-solidus reactions,
which in turn are controlled by the oxygen fugacity, temperature,
cooling rate, and initial magma composition (e.g., Buddington and
Lindsley, 1964; Frost and Lindsley, 1991).

5.3. Implications for the early Paleoproterozoic-Neoarchean geodynamo

The mean and range of paleofield values obtained from the
Widgiemooltha dikes are within the range of paleointensity val-
ues observed for the last 10 million years (e.g., Tarduno and
Smirnov, 2004) (Fig. 7). Prior paleointensity and paleodirectional
studies (e.g., Smirnov et al., 2003; Smirnov and Tarduno, 2004;
Coe and Glatzmaier, 2006; Tarduno et al., 2007, 2010; Biggin et
al., 2009; Smirnov et al., 2011; Muxworthy et al., 2013) also point
to existence and sustenance of a dipolar, stable, and relatively
strong magnetic field through the Archean-Proterozoic transition.
A purely thermally-driven geodynamo is generally considered in-
capable of sustaining such a field (e.g., Gubbins et al., 2003;
Costin and Butler, 2006; Hori et al., 2014) although alternative
views have been presented (Aubert et al., 2009). Compositional
convection in the outer core, arising from inner core growth, ap-
pears necessary to drive an enduring dipolar geodynamo with
the stable and strong characteristics implied by the Neoarchean-
Paleoproterozoic data. In particular, based on the analyses of pale-
osecular variation in the Proterozoic and Neoarchean, Smirnov et
al. (2011) suggested an early onset of inner core growth possibly
linked to cooling of the lower mantle by deep subduction between
~3.5 and 2.0 Ga.

The relatively old inner core age implied by the paleointen-
sity and paleodirectional data for the Proterozoic and Neoarchean
favors the presence of radiogenic elements in the core (Buffett,
2002). However, an old inner core is inconsistent with the recent
models of Earth’s thermal evolution that suggest a much younger
inner core nucleation age (e.g., Aubert et al., 2009). Furthermore,
the existence of a strong dipolar field since the Neoarchean is
difficult to reconcile with the recent estimates of thermal con-
ductivity of liquid iron under the conditions in Earth’s core that
make it even more difficult to maintain a geodynamo through-
out geological history (Pozzo et al., 2012; de Koker et al., 2012;
Buffett, 2012). Resolution of these important questions may require
a substantial modification of our current paradigm about geody-
namo generation, perhaps even involving consideration of an ad-
ditional, now unknown energy source (Buffett, 2012). For example,
Ziegler and Stegman (2013) suggested that a strong and more an-
tisymmetric field could have been generated within a basal-mantle
magma ocean before ~2.45 Ga. The current challenges experienced
by the Earth’s thermal history and geodynamo models emphasize

the importance of observational paleointensity and paleomagnetic
data, such as presented herein, that provide important constraints
for the development of more realistic, Earth-like models of long-
term geodynamo evolution.

6. Conclusions

High-quality, absolute paleointensity determinations obtained
from the ~2.41 Ga Widgiemooltha dikes demonstrate that the
LTD-Thellier approach represents a viable method to derive reli-
able estimates of the Earth’s paleofield strength from the Precam-
brian rocks that are not suitable for conventional Thellier analy-
ses. The relatively strong paleointensity values obtained from the
Widgiemooltha dikes, similar to those of the more recent field,
provide an additional support to the existence of a compositional
convection-driven geodynamo established as early as the Archean-
Proterozoic boundary. Acquisition of additional paleointensity data
using the LTD-Thellier method, and other novel approaches such
as paleointensity determinations from single silicate crystals (e.g.,
Tarduno et al., 2006), are crucial for constraining and improving
the models of Earth’s thermal history and geodynamo.
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