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SUMMARY

Precambrian palaeointensity measurements provide fundamental constraints on the evolution
of the deep Earth. Core evolution models predict trends in dipole moment on billion-year
timescales that can be tested by palacomagnetic records. Here, we report new palacointensity
results from the recently identified ~2.62 Ga Yandinilling dyke swarm of the Yilgarn Craton,
Western Australia, and consider them alongside published measurements spanning 500 Myr
across the late Archaean to earliest Proterozoic. Rock magnetic and scanning electron mi-
croscopy analysis confirm that the magnetic mineralogy is fine-grained magnetite, appearing
mostly as exsolved lamellae with ilmenite. Six sites produced acceptable palaeointensity
estimates from thermal and microwave [ZZI protocol Thellier experiments and from double-
heating technique Shaw experiments. These site mean values of 9-26 uT translate to virtual
dipole moments of 11-44 ZAm? that are considerably lower than today’s dipole moment of
~80 ZAm? and the value predicted for this time period by some thermal evolution models.
Their average (median = 41 ZAm?) is, however, similar to the long-term average during both
of the intervals 2300-2800 Ma (median = 44 ZAm?; N = 103) and 10-500 Ma (median 41
ZAm?; N = 997). While there is little evidence for a substantial net change in average dipole
moment between the late Archaean and Phanerozoic, there is preliminary evidence that its
variance has increased between the two intervals. This lower variance more than two billion
years ago supports the idea that the geodynamo, even while not producing a stronger magnetic
field, was more stable on average at the Archaean—Proterozoic transition than it is today.

Key words: Australia; Magnetic field variations through time; Palacointensity; Palacomag-
netism.

INTRODUCTION

The Earth is known to have had a geomagnetic field since at least
3.45 Ga (Biggin et al. 2011). The present-day geodynamo is driven
largely by thermochemical convection due to the release of light el-
ements at the inner-core boundary (Braginsky 1963). Prior to inner
core nucleation (ICN), secular cooling was likely to be the primary
control on the geodynamo (Landeau et al. 2017), although other
mechanisms such as the exsolution of light elements (Badro et al.
2016; O’Rourke & Stevenson 2016; Mittal et al. 2020) and tidal
deformation (Le Bars et al. 2011; Landeau et al. 2022) may also
have been involved. Estimates for the onset of ICN range from 2.5
Ga (Buffett e al. 1996) to <500 Ma (Davies et al. 2015; Labrosse
2015), based on different thermal properties and associated histo-
ries of the core of the Earth. Palacomagnetism, and the absolute

palaeointensity record specifically, have been proposed as a means
to estimate when ICN occurred. The dipole moment may have de-
creased with time prior to ICN because, as the Earth cooled, less
energy was available to drive thermal convection. A sharp increase
in field strength is predicted at ICN as thermochemical convection
became the dominant process (Aubert et al. 2009; Davies et al.
2022).

Various perceived trends in the Precambrian dipole moment have
been interpreted in terms of signatures of stages in Earth’s core
evolution. Biggin ez al. (2015) proposed that ICN occurred between
1.5 and 1.0 Ga based on palaeointensities that were higher than
in the preceding billion year interval. However, this interpretation
was questioned (Smirnov ef al. 2016), and new evidence suggested
that the original study of the 1.3 Ga Gardar lavas on which this
conclusion was partly based, was unreliable (Kodama et al. 2019).
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Notwithstanding the serious doubts over the Gardar lavas, studies
from the mid-continent rift (MCR) have confirmed that the field
was strong at 1.1 Ga, with intensities similar to the mean palaeofield
strength for the last 10-15 Myr (Sprain et al. 2018; Zhang et al.
2022), which could still represent an increase in the strength of the
field after ICN.

A glut of recent palaeointensity studies have also shown that the
geomagnetic field was especially weak in the late Ediacaran period
(550-600 Ma, Bono et al. 2019; Shcherbakova et al. 2019; Thallner
et al. 2021a,b, 2022). These new data have been argued to signify
the period immediately before ICN (Bono et al. 2019; Zhou et al.
2022), although the weak field interval may have continued into the
early Cambrian at least (Lloyd ef al. 2022).

It is difficult to discriminate between different interpretations of
the timing of ICN because of the low temporal density of Precam-
brian dipole moment data. The lack of dipole moment data makes
determining the average strength and expected variation of the Pre-
cambrian field difficult. Without this understanding, it is difficult to
reliably identify deviations in Precambrian field strength that might
represent ICN. Further complications arise from the issue that field
strength observations observed in the Phanerozoic, such as geomag-
netic secular variation (on timescales of <1 Myr) and longer-term
variations in dipole moment on timescales of 10—-100 Myr, may
be misinterpreted as deviations in field strength due to the evolu-
tion of the core. Variations on timescales of 10-100 Myr, likely
a consequence of mantle convection causing variations in core—
mantle heat flux (Biggin e al. 2012), have been observed in the
mid-Neoproterozoic and late Mesoproterozoic (Lloyd et al. 2021).
There are also other processes that could affect the strength of the
Precambrian field and potentially be misinterpreted as the signal of
ICN. These include the precipitation of multiple light elements in
the core (Mittal ef al. 2020) and a shift in the depth of buoyancy
generation within the core (Aubert et al. 2009; Landeau ez al. 2017).

Our understanding of Precambrian palacomagnetic field strength
is hampered by the paucity of the dipole moment measurements for
this period. Precambrian rock targets suitable for palaeointensity are
difficult to find due to pervasive overprinting occurring alongside is-
sues commonly faced with younger samples such as contamination
by non-ideal magnetic carriers. The Archaean Yilgarn Craton, West-
ern Australia has strong potential, however, as it hosts at least six
generations of Precambrian dykes, some of which have already pro-
duced robust palaeointensity results. The 2.41 Ga Widgiemooltha
dyke swarm (WDS, Nemchin & Pidgeon 1997) provided the oldest
palaeointensity results published for the Yilgarn Craton (Smirnov
et al. 2013; Smirnov & Evans 2015) prior to this study and yielded
a relatively high field dipole moment (66.5 ZAm?). Such a result
is consistent with the prediction of the thermal evolution model
favoured by Bono et al. (2019) and Zhou et al. (2022), which is
associated with ICN at ~550 Ma. This particular thermal evolution
model, unlike some others (see e.g. Davies et al. 2022), favours
a strong dipole moment (~60 ZAm?) throughout the Archaean
as a consequence of vigorous thermal convection occurring in
the core.

The recently identified ~2.62 Ga Yandinilling dyke swarm (YDS;
Stark et al. 2018) is now the oldest identified dyke swarm of the
Yilgarn Craton and its age makes it an ideal target to evaluate
whether the field was consistently strong during the early Precam-
brian. This study will present new, reliable palaeointensity estimates
from the YDS, synthesize them with published data sets from the
late Archaean-earliest Proterozoic, and compare this distribution of
dipole moment values with that from the Phanerozoic to gain insight
into the net evolution of the palacomagnetic field.

GEOLOGICAL BACKGROUND

The NE trending, mafic YDS extends for > 150 km within the
Southwest Terrane, in the southwestern part of the craton, based
on geological mapping and aeromagnetic data (Fig. 1). The South-
west terrane, which is largely comprised of granitic and high-grade
supracrustal rocks (Pidgeon & Wilde 1990), is one of the most re-
cent Yilgarn terrane to be amalgamated into the craton. This amal-
gamation occurred between 2652 and 2625 Ma (Wilde & Pidgeon
1987; Nemchin & Pidgeon 1997; McFarlane 2010) and was accom-
panied by widespread granitic magmatism (Champion & Sheraton
1997) and gold mineralization (Kent ef al. 1996). The YDS was
emplaced at 2615 + 6 Ma based on ID-TIMS on baddeleyite and
2610 + 25 Ma based on in-situ SHRIMP U-Pb dating of badde-
leyite of site 13/R (Stark et al. 2018). The timing of emplacement
fits well with magmatism generation being due to the proposed
delamination or convective thinning of dense eclogite in the lower
lithosphere (Smithies & Champion 1999). Alternately, an upwelling
mantle plume could explain the emplacement of the mafic dyke
swarm (Stark et al. 2018).

PALAEOMAGNETISM

The samples used in this study were collected from unweathered do-
lerite dykes. Each site represents an individual dyke and the samples
come from the same locations as sites of the same name reported by
previous dating (Stark et al. 2018) and palacomagnetic (Liu et al.
2021) studies (samples donated with an R represent the same site
that had been resampled at a later date). Liu et al. (2021) measured
the palaeomagnetic directions of the YDS, isolating the character-
istic remanent magnetization (ChRM) between 530-565 and 570—
580 °C. This magnetization is considered to be primary based on a
positive reversal test (‘C’ classification; McFadden & McElhinny
1990) and a suggestive baked contact test (the instability of the
magnetization preserved by the baked granite host means that the
test was not conclusive). Additional evidence that the sites had not
been completely remagnetized comes from (i) the preservation of
a partial thermal overprint with directions similar to the younger
WDS at some of the sites, and (2) the inconsistency between the
ChRM directions and any of the published younger palacomagnetic
directions from the region.

MAGNETIC MINERALOGY

The nature of the magnetic remanence carriers in the samples mea-
sured for palaeointensity was determined from a combination of
thermomagnetic measurements and scanning electron microscopy
(SEM). Magnetic susceptibility versus temperature (x—7) curves
were collected using Agico Kappabridge instruments at both the
University of Liverpool and at Curtin University. Temperature-
dependent magnetization measurements were collected using the
University of Liverpool’s Magnetic Measurements Variable Field
Translation Balance (MMVFTB). All thermomagnetic measure-
ments were run on crushed specimens in air to highlight the potential
for alteration that may affect the samples during the palaeointen-
sity experiments. The specimens were heated up to 600-700 °C and
some samples showing irreversible thermomagnetic curves were
chosen for cyclic heating experiments (peak temperature increased
in 100 °C steps between 200 and 700 °C) to determine the tempera-
ture range responsible for the alteration. SEM and energy dispersive
X-ray (EDX) analyses were performed on polished thin sections

¥z0z Aenuer zo uo 1senb Aq 21066€ /L €Y/ L/9€Z/a101e/B/woo dno ojwepede//:sdly woly pepeojumod



Palaeointensities from 2.6 Ga Yandinilling dyke swarm

433

T 2 - T
118°30° e { nre 7
\ 1 &._\ 0 5 {L g =
() \ P o\ o
P, G
>,
=z D
o
<
3
8
o
=
40 !(/Ilqm\e'ters
Jied )
__ 1210 Ma Marnda Moorn 2410 Ma Widgiemooltha ™ Phanerozoic sediments
Dyke Swarm Dyke Swarm ~ Archean greenstone:
___ 1390 Ma Biberkine __2615 Ma Yandinilling pelite, siltstone, greywacke
Dykes Swarm Dyke Swarm and gneiss
OCEAN __ 1888 Ma Boonadgin Archean granite (undivided)
Dyke Swarm

Figure 1. (a) Map of the Yilgarn Craton showing the six known generations of Proterozoic dyke swarms (Stark et al. 2018), including the YDS, which is
the focus of this study. (b) Map of the sampling area, including all of the sites that have been that were sampled for palaeodirection (Liu et al. 2021); yellow

diamonds/text) and the sites also used for palaeointensity (green diamonds/text).

prepared from representative core samples from each site that pro-
duced palaeointensity results that passed selection criteria used a
JEOL JSM-7001F FEGSEM at the Imaging Centre at Liverpool
(ICaL).

All the specimens that provided reliable palaeointensity results
show sharp drops in magnetic susceptibility at ~565-580 °C in-
dicating a Curie Temperature (7¢) close to that of pure magnetite
(Figs 2a—c). The MMVFTB results are consistent with the Kap-
pabridge results, which show a loss of all magnetization in a similar
temperature range (Figs 2d—f). The majority of the thermomag-
netic curves for all sites except for 14/R appear largely reversible
(Figs 2a and b, and d and e) suggesting no significant alteration to
the samples is occurring up to temperatures of 600—700 °C. Samples
from site 14/R show a slight increase in susceptibility between 500
and 600 °C and a relatively large increase between 600 and 700 °C
(Figs 3c and f). The increase in susceptibility/magnetization with
no associated change to the Curie Temperature suggests that mag-
netite is being created above 600 °C. The lack of alteration below
600 °C supports that the site could provide reliable palaeointensity
estimates.

SEM images from example specimens for each of the sites sug-
gest that most opaque grains contain intergrowths of ilmenite lamel-
lae and magnetite with two different size distributions (Figs 2g and
h). Larger iron oxide grains are subdivided by needles of ilmenite on
the order of tens of wm long that are visible at the lower magnifica-
tion (top row) and also smaller lamellae on the order of < 1 um that
are only visible in the close-up images (bottom row). These struc-
tures are consistent with those observed from two-stage oxyexsolu-
tion processes (Gapeev & Tselmovich, 1983) and would be expected
to yield an unbiased palaeointensity estimate even in the case of a
high-temperature thermochemical remanence (Shcherbakov et al.
2019). The samples from sites 13/R (Fig. 2g) and 35/R show the
lamellae in large, subhedral grains that have some cracks running
through them. Cracks like these can represent a reduction in vol-
ume associated with maghematization of magnetite but it is unclear
whether these cracks were caused by this as they appear similar to
the cracks in other mineral grains in the image and there is little
evidence of maghemite altering to haematite upon heating in the

associated rock magnetic experiments (Figs 2a and d). The samples
from sites 29/R (Fig. 2h) and 15/R show the lamellae dividing up
skeletal grains and, in some cases, the grains show signs of pitting in
the fine lamellae portions of the grain (Fig. 2h, bottom image). The
SEM images for site 14/R (Fig. 2i) show a different texture, with
what appears to be skeletal grains made up of <1 pm magnetite
grains (top image). The accompanying EDX did not indicate any
titanium to suggest the presence of ilmenite lamellae, although it is
possible that ilmenite lamellae are present but are too small to be
resolved by the SEM

The SEM images are consistent with the hysteresis properties of
the samples determined from the MMVFTB and summarized on
the Day plot (Day et al. 1977; Fig. 3). The bulk domain stability
(BDS) trendline has been included (Paterson ef al. 2017). The rock
magnetic properties of samples plot in the upper part of the pseudo-
single-domain (PSD, sensu lato) region, with most data clustering
together, apart from 14/R which includes grains that appear substan-
tially smaller than in other samples. The accompanying Arai plots
(Fig. 4) are also fairly consistent with the hysteresis properties, with
the Arai plots from site 14 showing less curvature due to a smaller
overprint (Fig. 4b) than those from other sites.

PALAEOINTENSITY

Method

Several palaeointensity techniques were attempted to determine the
strength of the geomagnetic field at 2.6 Ga. Thermal Thellier-type
experiments, performed using the IZZI protocol (Tauxe & Staudigel
2004; Yu & Tauxe 2005) with partial thermal remanent magneti-
zation (pTRM) checks (Coe 1967), were undertaken on 25-mm di-
ameter core samples that were 12 mm in length. These experiments
were performed at Curtin University using a TD-48-SC thermal de-
magnetizer, a 2 G Cryogenic magnetometer with a RAPID sample
handling system (Kirschvink et al. 2008), and an Agico JR-6A spin-
ner magnetometer. The heating steps were performed in air using
an applied field strength of 20 or 30 uT parallel to the Z-axis of the
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Figure 2. Representative rock magnetic properties and corresponding SEM images of the magnetic mineralogy for samples that gave results that passed
selection criteria from cores 13R—2 (first column), 29R—5 (second column) and 14R—10/—6 (third column; the rock magnetic properties come from core
10 and the SEM images come from core 6, which shows similar behaviour). Thermomagnetic curves show (a)—(c) susceptibility versus temperature (k—7;
x1073) and (d)~(f) magnetization versus temperature (Am? kg~'; x 10~%); all samples were crushed and were measured in air. Backscattered electron (BSE)
SEM images (g)—(i) illustrate the iron oxide textures present in these samples. The magnetic mineralogy was determined from EDX analysis: Mag, Magnetite

(lighter grey) and Ilm, Ilmenite (darker grey).

core specimens. As the ChRM of these samples exists at tempera-
tures > 500 °C, only 1-2 heating steps were included below this tem-
perature. A heating step at 250 °C was included to allow for apTRM
check between 250 and 480-500 °C to identify low temperature al-
teration, that is, maghemite. Some of these thermal experiments also
underwent low temperature demagnetization (LTD) by submerging
the sample in liquid nitrogen three times and allowing it to warm
in a shielded environment. This was done after every heating step
in an attempt to remove multidomain (MD) remanence (Smirnov

et al. 2017) by cooling the sample below the Verwey transition of
magnetite (Verwey 1939). This did produce demagnetization up to
several tens of per cent and the intention was to see if this improved
the palacointensity results. Experiments were also performed using
microwave energy to demagnetize and remagnetize the samples,
continuing with the IZZI protocol with pTRM checks (Th-1ZZI+)
and using the unique 14 GHz microwave palaeointensity system
(Tristan) at the University of Liverpool (Hill & Shaw 1999; Suttie
et al. 2010). The microwave experiments were performed in air,
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Figure 3. Day plot (Day et al. 1977) showing the hysteresis properties of
samples that produced palacointensity measurements that passed selection
criteria from the resampled cores. Dashed line represents the BDS trendline
(Paterson et al. 2017). Points are coded by site. Abbreviations are: Mrs,
saturation remanence; Ms, saturation magnetization; Hc, coercivity; Her,
coercivity of remanence; SD, single domain; PSD, pseudo-single domain
and MD, multidomain.

on 5 mm diameter cores and with a field of 10 or 20 uT applied
with at an angle > 45° with respect to the NRM (natural remanent
magnetisation).

All the Thellier-type experiments were evaluated using modified
MC-CRIT.C1 selection criteria (Table 1) following (Paterson et al.
2015) and are described in greater detail in ‘Standard Palaeointen-
sity Definitions’ (Paterson et al. 2014). This set of criteria has shown
to successfully filter out biased palaeointensity estimates, even in
the absence of pTRM tail checks (Grappone et al. 2019). Tail checks
were not used here as we expect that MD behaviour would be ex-
pressed as zig-zagging in the Arai and/or orthogonal plot (Tauxe &
Staudigel 2004). To further compensate for the lack of tail checks,
the limit on the |£'| statistic (Paterson 2011) was reduced to 0.36 in
order to exclude Arai plots that are curved due to MD behaviour
(Levi 1977). A further modification made to the MC-CRIT.CI1 crite-
ria was that the FRAC criterion was changed from > 0.55 to > 0.25
(consistent with Hawkins et al. 2019; Kodama et al. 2019). This
reduction was due to the ChRM only being present at high un-
blocking temperatures (>500 °C), while MC-CRIT.C1 was devel-
oped for single component analysis. Alteration can also be issue
where the ChRM exists at such high temperatures, so CDRAT’
and nprry (Paterson et al. 2014) have also been added to reduce
the risk of alteration affecting the palaeointensity estimates even
further.

The double-heating technique (DHT) variant (Rolph & Shaw
1985; Tsunakawa & Shaw 1994) of the Shaw (1974) method was
also performed. The experimental procedure and naming conven-
tions used in this study are the same as those outlined in Yamamoto
et al. (2003). Samples were AF demagnetized, measured, given an
anhysteretic remanent magnetization (ARM) using an applied field
of 1000mT and demagnetized again using the AF (Alternating

Palaeointensities from 2.6 Ga Yandinilling dyke swarm 435

field) demagnetizer integrated into both the Curtin and Liverpool
2 G systems. The DHT technique then involves giving the sam-
ple a TRM twice with the same AF and ARM steps performed on
the sample after each TRM acquisition. The TRM step was done
either in Argon using the TD-48-SC or under vacuum using the
MMTD24 thermal demagnetizers at Curtin and Liverpool, respec-
tively. During the TRM step, samples were heated to 600 °C and
held for 20 min for TRM1 and 60 min for TRM2, while a field
of 20 uT was applied parallel to the z-axis of the half cores. The
palaeointensity is calculated from the ratio of NRM to TRM1x
(TRMI corrected using a ratio of ARM0/ARM1), from the selected
linear component of the NRM-TRM1x plot. For analysis of the
Shaw-type experiments, the selection criteria used are the same as
those used in Yamamoto et al. (2003) plus the MADanc and « cri-
terion determined in the same way as for the Thellier criteria (see
Table 1).

Results

A total of 122 samples across 11 sites were measured for palaeoin-
tensity, with 28 measurements from 6 sites accepted, giving a pass
rate of 23 per cent. A summary of all palaeointensity results and
associated parameters are provided in the Supporting Information
(Tables S1 and S2). The site mean results, which range from 5.9 to
26.3 uT (virtual dipole moment, VDM’s of 11-44 ZAm?) are pro-
vided in Table 2. Of the accepted measurements, the majority (54
per cent) came from microwave experiments, 29 per cent came from
the Shaw experiments and 18 per cent from the thermal Thellier ex-
periments. None of the LTD-Shaw experiments passed the selection
criteria of Yamamoto et al. (2003). While two of the LTD-Thermal
experiments passed the selection criteria outlined in Table 1, they
were lower than expected, in direct opposition to what is expected
from the application of LTD steps (Smirnov et al. 2017). There
was some suspicion that other factors may have resulted in these
results being biased unexpectedly, possibly due to oxidation or the
presence of titanium affecting the Verwey (1939) transition, and
therefore they were excluded. The majority of the accepted Arai
plots (Fig. 4) from both the thermal and microwave experiments
showed two components with distinct directions on the accompa-
nying orthogonal plots. In some cases (e.g. site 14/R; Fig. 4b), there
was little unblocking until high temperatures/powers and only a
single stable component was observed. Representative examples of
some of the accepted Shaw results (Fig. 5) also show linear selected
components, corresponding to the ChRM direction. The most com-
mon selection criteria the Thellier-type experiments failed were
or DRAT, suggesting experiments either failed because of large
PSD to MD behaviour or alteration. While many of the samples
that provided reliable palacointensity estimates, it is clear from the
SEM analysis (Fig. 2) and the hysteresis properties of the samples
(Fig. 3), that most of the samples include larger magnetite grains
that can produce non-ideal behaviour. As for alteration, the ChRM
is generally only present at high unblocking temperatures (~550—
580°C), with alteration occurring close to the Curie temperature
of magnetite causing the last pTRM checks to fail. The small tem-
perature range may explain why there is a greater success rate for
the microwave experiments than the thermal one as the microwave
technique can cause less alteration then comparative thermal ex-
periments (e.g. Grappone et al. 2020). For the Shaw experiments,
the overprint and the ChRM do not always unblock as cleanly as in
the thermal experiments, making the selectable ChRM component
smaller.
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Figure 4. Representative accepted Arai plots from example Thellier-type experiments, one from each site, with accompanying orthogonal plots. (a)—(d)
Microwave, and (e) and (f) thermal Thellier plots. The black line and filled in circles represent the selected component, with red fill circles showing the power
integral (Watts per second; W-s) or temperature (°C) of the step. Hyagp is the strength of the applied field used during in-field steps and pTRM checks and
Haxc is the palaeointensity estimate derived from the plot.

Table 1. Selected criteria applied to all of the Theiler-type measurements (thermal and microwave),
modified from the MC-CRIT.C1 criteria (Paterson et al. 2015). Details of all of the selection criteria
are listed in the standard palaeointensity definitions accompanying Paterson et al. (2014).

n B FRAC ¢ DRAT |CDRAT| MADaxe o  |k|  mymu
>4 <01 =025 =4 <10% < 10% <10 <10 0.36 >3

Table 2. Summary of the site mean palaeodirections (Liu et al. 2021) palaeointensity data, and Qpy assessment. Abbreviations are: np/Np, number of
directions measured/number of directions accepted; n/Nt/Ns/Nmw/N, total number of palaeointensity measurements/number of thermal that passed selection
criteria/number of Shaw that passed/number of microwave that passed/total number of measurements that passed; PI, palacointensity; s.d., standard deviation;
VDM, virtual dipole moment and QOpy criteria as defined in Biggin & Paterson (2014), Biggin et al. (2015) and Kulakov e7 al. (2019).

Site Lat (°S) Long (°E) Palacodirections (stratigraphic) Palacointensity Opy criteria
s.d./ PI (per
np /Np Dec. Inc. k a95 n/NT/INS/N\pw /N PL(T)  sid. (1 T) cent) VDM (ZAmz) AGE DIR STAT TRM ALT MD ACN TECH LITH MAG Qpy

13/R 321 1172 8/6 2959 =510 24.0 155 22/1/2/2/5 7.1 1.7 24 14 1 0 0 1 1 1 1 1 0 1 7
14/R 31.6 116.9 9/8 2779 —56.7 33.0 10.0 21/0/2/2/4 20.1 1.0 5 36 1 0 0 1 1 1 1 1 0 1 7
15/R 315 116.9 10/6 287.8 —59.6 50.0 9.6 23/0/1/4/5 25.8 6.6 26 44 1 1 0 1 1 1 1 1 0 1 8
29/R 31.6 116.9 9/9 292.7 —58.3 57.0 6.9 30/1/1/4/6 221 79 36 39 1 1 0 1 1 1 1 1 0 1 8
31 31.6 116.9 8/6 290.9 —50.3 65.0 85 8/2/0/0/2 59 2.1 35 11 1 1 0 1 1 1 1 0 0 1 7
35/R 31.8 117.4 8/8 304.6 —63.9 36.0 9.4 18/1/2/3/6 263 4.8 18 43 1 0 0 1 1 1 1 1 0 1 7
DISCUSSION samples and have a Fisher (1953) precision parameter k£ > 50. None

of the sites pass STAT (» > 5 and standard deviation equivalent to
25 per cent based on Paterson ez al. 2010). All the sites except site
31 have had SEM analysis performed on representative specimens
from them. These SEM images show fine magnetite lamellae con-
sistent with primary exsolution textures and no conclusive evidence
for maghematization. The successful Arai plots from site 31 looked
similar to those from others and there was no suspicion that these
images were not also representative of site 31. Samples showing

To assess the reliability of the site level results, the nine qualitative
palaeointensity (Qp) criteria outlined by Biggin & Paterson (2014)
and Biggin ef al. (2015) were evaluated for each site and are sum-
marized in Table 2. All of the sites passed AGE as there are isotopic
age constraints (Stark er al. 2018) and palaeodirections were de-
termined from origin-trending, high temperature components that
contributed to an accepted palacomagnetic pole (Liu et al. 2021).
Three of the sites passed DIR as the directions came from > 5
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Figure 5. Representative plots from accepted DHT Shaw experiments with accompanying orthogonal plots. The black line and filled in circles represent the
selected component. NRM, TRM1/2 and ARMO0/1/2 represent the AF demagnetization data along the axis for each of these steps as described in Yamamoto
et al. (2003), while TRM1/2x are the ARM corrected data from TRM1/2. The intensity of the magnetization for all of the plots is given in Am~!.

a bimodal magnetite grain size distribution formed through two-
stage oxyexsolution, with the smaller lamellae potentially forming
just below the Curie temperature of magnetite (Gapeev & Tsel-
movich 1983). In this case, the ChRM could be thermochemical
remanent magnetization (TCRM). Despite this, it has been shown
that artificially produced TCRMs acquired just below the Curie tem-
perature yield unbiased palaeointensity results (Shcherbakov et al.
2019). Given the high unblocking temperature range of the ChRM

of the YDS samples, these palaeointensity results should also be
unbiased by this phenomenon. We therefore consider the spirit of
the TRM criterion to have been met by all of our results. All of
the sites pass ALT as the Thellier-type experiments included pTRM
checks with appropriate DRAT/CDRAT selection criteria and the
Shaw experiments used an ARM correction, also subject to strict
criteria. All sites also pass MD as the IZZI protocol was used on the
Thellier-type experiments and produced no visual evidence of the
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zig-zagging (Yu & Tauxe 2005). Furthermore, a check for the cur-

vature of the selected component (|k’|) (Paterson 2011) was made.
Finally, the Shaw method is expected to be domain-state indepen-
dent because it uses full TRMs. All the three parts of ACN are also
passed. First, we use measurements of Y (the angle between the
last pTRM and the applied field direction) to detect the presence of
anisotropy of TRM. This was found to be < 6° for all the accepted
measurements suggesting that its presence was small and unlikely
to significantly bias the palacointensity estimates. The second part,
cooling rate, is also not considered to be problematic as the mag-
netic carriers are likely to be vortex-state rather than non-interacting
SD, based on the hysteresis properties (Fig. 3) and the SEM images
(Figs 2g—i). Such grain sizes are not anticipated to produce substan-
tial cooling rate effects (Biggin et al. 2013). Cooling rates used in
the Shaw and microwave experiments differed by roughly two orders
of magnitude (Poletti et al. 2013) but the resulting palacointensi-
ties were indistinguishable, supporting our assumption that cooling
differences between nature and the lab are unlikely to have severely
biased our results. The last part of ACN is nonlinearity and this
should not affect these results as the majority of estimates and ap-
plied field values are within 1.5 times of each other and all are well
below the field values known to cause substantial nonlinearity issues
(60 uT, Selkin et al. 2007). All the sites, apart from site 31, pass
TECH because they include more than one technique with a differ-
ent mode of unblocking magnetic grains (ie. thermal, microwave
and AF). None of the sites pass LITH as only a single lithology
was measured throughout. All data have been uploaded to MagIC
(https://www2.earthref.org/MagIC) at the measurement level and
therefore the MAG criterion is also met. While this criterion does
not address the technical quality of palacointensity estimates, we
strongly promote its use. This is because we consider that mea-
surement data that adhere to FAIR principles (findable, accessible,
interoperable and reusable) are intrinsically more reliable because
they are far more amenable to re-analysis and falsification.

The various criteria applied suggest that the results from the
YDS are reliable and yield a mean VDM of 37 £ 15 ZAm? (+ 1
standard deviation) at 2.62 Ga. This value, approximately half that
of the present day, is not entirely in accord with the predictions of
some thermal evolution models (Bono et al. 2019; Davies et al.
2022). Such models tend to predict a strong field at 2.6 Ga which
then decays through the Palaco- and Neo-Proterozoic, reaching a
minimum just ahead of ICN between 500 and 900 Ma. Nevertheless,
care must be taken in considering any set of results in isolation. We
cannot be certain to have captured a reasonable representation of
secular variation in these results. Even if we have, the difference in
field strength between the expected values from thermal evolution
models and results from sites that are relatively close in age (Fig. 6)
may reflect variation occurring on timescales of tens of millions
of years, similar to that observed during the Phanerozoic (Kulakov
et al. 2019; Hawkins ef al. 2021) and Neoproterozoic (Lloyd et al.
2021; Thallner et al. 2022), potentially biasing our understanding
of average Precambrian field strength.

In Fig. 6(a), we plot the new estimates together with all published
VDM and virtual axial dipole moment (VADM) measurements as-
sociated with Qp; values > 3 from rocks with ages between 2.3
and 2.8 Ga. There is a large dispersion in estimates of similar ages
which, assuming the data are trustworthy, could result from the ef-
fects of secular variation (on timescales <1 Myr) and from longer
timescale variations (~10—-100 Myr) as a consequence of variable
mantle forcing of the geodynamo (Biggin et al. 2012). One mea-
sure of the relative variance of a group of V(A)DMs was defined by

Sprain et al. (2019) as:
¥ per cent = VDM/VDMneq

where VDM is the interquartile range and VDM,¢q is the median
value for a set of VDM values. V per cent has a value of 57 per cent
for the interval assessed here (Fig. 6b). To put the Archaean/earliest
Proterozoic observations into context and allow for an assessment
of very long term (~2 Gyr) changes in dipole moment, we show
the equivalent plots for the most part of the Phanerozoic (10-500
Ma, Figs 6¢ and d). Fig. 6(c) allows the dipole lows in the mid-
Jurassic (Kulakov et al. 2019) and mid-Palacozoic (Hawkins et al.
2021) to be clearly discerned. It further invites the possibility of
there being similar intervals in Precambrian interval studied and
demonstrates that the data density is simply not high enough to infer
them. A comparison of the distributions of dipole moment data for
the two intervals suggests that they may not otherwise be identical,
however. While their averages are close to equal, the distribution
of the 10500 Ma data is more strongly skewed to low values and
has substantially enhanced variance (as reflected in its significantly
higher interquartile range and V per cent; Figs 6b and d). A two-
sample Kolmogorov—Smirnov test excludes the null hypothesis of
identical distributions with 95 per cent confidence (P = 0.03).

The analysis above supports that the variance of dipole moment
measurements from rocks dated between 2.3 and 2.8 Ga was sig-
nificantly smaller than that that from rocks dated between 10 and
500 Ma. Such variance arises from time variations in the magnetic
field intensity and direction and the differences suggest that these
variations were suppressed in the earlier time period. Based on this
observed difference, we hypothesize that the geodynamo at 2.5 Ga
was in state conducive to producing a global field that was neither
much stronger nor much weaker on average than the Phanerozoic,
but rather more stable through time. We stress that this does not pre-
clude the possibility of variations on mantle timescales similar to the
Phanerozoic but supports that these and/or unforced secular varia-
tion were somewhat milder. Interestingly, directional palacosecular
variation has also been argued to have been suppressed in the late
Archaean—earliest Proterozoic relative to later times including the
last few hundreds of Myr (Biggin et al. 2008; Smirnov et al. 2011;
Veikkolainen & Pesonen 2014). Suppressed equatorial dispersion
of virtual geomagnetic poles translates directly into enhanced ax-
ial dipole dominance (Biggin ez al. 2020), although the associated
uncertainties are large. We speculate that the geomagnetic field in
the late Archaean—earliest Proterozoic was more stably dipolar and
less susceptible to collapse, perhaps resulting in fewer polarity re-
versals (Coe & Glatzmaier 2006), than the Phanerozoic field, while
maintaining a similar average dipole moment.

CONCLUSIONS

The YDS has been shown to be suitable for providing reliable
palaeointensity estimates with associated Qp; scores of 7 or 8 from
a total of 10. The six accepted sites from the YDS give site mean
values of 5.9-26.3 uT, which convert to VDM values of 11-44
ZAm?. These values fit well with the average for the entire inter-
val 2300-2800 Ma, which now has more than 100 dipole moment
estimates with Qp; > 3. Compared with the similarly long Phanero-
zoic era, the dipole field in the late Archaean—earliest Proterozoic
appears to have been similar in average strength but less prone to
exhibit variability in its magnitude. This provides a constraint on
thermal evolution models for the early Earth and would seem to rule
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Figure 6. Comparison of dipole moment estimates in interval 2300-2800 Ma and 10-500 Ma taken from PINT v8.1 (Bono ef al. 2022). (a) and (c) Time-series
of estimates with circle size denoting Op; value (Biggin & Paterson 2014). Published estimates in (a) are taken from (1) Dharwar Dykes (Valet ez al. 2014); (2)
Widgiemooltha Dykes (Smirnov & Evans 2015); (3) Matachewan Dyke Swarm (Macouin et al. 2003; Halls ez al. 2004; Smirnov & Tarduno 2005; Smirnov
et al., 2005); (4) Karelia Dykes (Smirnov et al. 2003); (5) Vodlozerskii Terrane Dykes (Shcherbakova ez al. 2017); (6) Nuuk Dyke (Morimoto ez al. 1997);
(7) Slave Dykes (Yoshihara & Hamano 2000); (8) Pilbara Lavas (Biggin et al. 2009); (9) Stillwater Complex (Selkin ez a/. 2008) and (10) Modipe Gabbro
(Muxworthy et al. 2013). (b) and (d) Histograms and summary statistics of dipole moment estimates from the two intervals. Note that all estimates denoted as

transitional polarity were omitted.

out those that predict a substantially stronger or weaker field in the
Archaean than in the Phanerozoic.
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