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S U M M A R Y 

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 palaeomagnetic records. Here, we report new palaeointensity 

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 e xsolv ed lamellae with ilmenite. Six sites produced acceptable palaeointensity 

estimates from thermal and microwave IZZI protocol Thellier experiments and from double- 
heating technique Shaw experiments. These site mean values of 9–26 μT translate to virtual 
dipole moments of 11–44 ZAm 

2 that are considerably lower than today’s dipole moment of 
∼80 ZAm 

2 and the value predicted for this time period by some thermal evolution models. 
Their average (median = 41 ZAm 

2 ) is, ho wever , similar to the long-term average during both 

of the intervals 2300–2800 Ma (median = 44 ZAm 

2 ; N = 103) and 10–500 Ma (median 41 

ZAm 

2 ; 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; Palaeointensity; Palaeomag- 
netism. 
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N T RO D U C T I O N  

he Earth is known to have had a geomagnetic field since at least
.45 Ga (Biggin et al. 2011 ). The present-day geodynamo is driven
argel y b y thermochemical convection due to the release of light el-
ments at the inner-core boundary (Braginsky 1963 ). Prior to inner
ore nucleation (ICN), secular cooling w as likel y to be the primary
ontrol on the geodynamo (Landeau et al. 2017 ), although other
echanisms such as the exsolution of light elements (Badro et al.

016 ; O’Rourke & Stevenson 2016 ; Mittal et al. 2020 ) and tidal
eformation (Le Bars et al. 2011 ; Landeau et al. 2022 ) may also
ave been involved. Estimates for the onset of ICN range from 2.5
a (Buffett et al. 1996 ) to < 500 Ma (Davies et al. 2015 ; Labrosse
015 ), based on different thermal properties and associated histo-
ies of the core of the Earth. Palaeomagnetism, and the absolute
C © The Author(s) 2023. Published by Oxford University Press on behalf of The R
article distributed under the terms of the Creative Commons Attribution License (
permits unrestricted reuse, distribution, and reproduction in any medium, provided
alaeointensity record specifically, have been proposed as a means
o estimate when ICN occurred. The dipole moment may have de-
reased with time prior to ICN because, as the Earth cooled, less
nergy w as av ailable to dri v e thermal conv ection. A sharp increase
n field strength is predicted at ICN as thermochemical convection
ecame the dominant process (Aubert et al. 2009 ; Davies et al.
022 ). 

Various perceived trends in the Precambrian dipole moment have
een interpreted in terms of signatures of stages in Earth’s core
volution. Biggin et al. ( 2015 ) proposed that ICN occurred between
.5 and 1.0 Ga based on palaeointensities that were higher than
n the preceding billion year interv al. Howe ver, this interpretation
as questioned (Smirnov et al. 2016 ), and new evidence suggested

hat the original study of the 1.3 Ga Gardar lavas on which this
onclusion was partly based, was unreliable (Kodama et al. 2019 ).
oyal Astronomical Society. This is an Open Access 
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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 et 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 et 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 et al. 2020 ) and a shift in the depth of buoyancy 
generation within the core (Aubert et al. 2009 ; Landeau et al. 2017 ). 

Our understanding of Precambrian palaeomagnetic 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 perv asi v e ov er printing occur ring 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, ho wever , 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 relati vel y high field dipole moment (66.5 ZAm 

2 ). 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 par ticular ther mal evolution 
model, unlike some others (see e.g. Davies et al. 2022 ), favours 
a strong dipole moment ( ∼60 ZAm 

2 ) 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 e v aluate 
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 palaeomagnetic field. 
G E O L O G I C A L  B A C KG RO U N D  

The NE trending, mafic YDS extends for > 150 km within the 
Southwest Terrane, in the southwester n par t 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 et 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 conv ectiv e 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 ). 

PA L A E O M A G N E T I S M  

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 palaeomagnetic (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 
positi ve re versal 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 par tial ther mal 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 palaeomagnetic 
directions from the region. 

M A G N E T I C  M I N E R A L O G Y  

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 ( κ–T ) 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-ra y (EDX) analyses w ere performed on polished thin sections 
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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). 
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repared from representative core samples from each site that pro-
uced palaeointensity results that passed selection criteria used a
EOL JSM-7001F FEGSEM at the Imaging Centre at Liverpool
ICaL). 

All the specimens that provided reliable palaeointensity results
how sharp drops in magnetic susceptibility at ∼565–580 ◦C in-
icating a Curie Temperature ( T C ) close to that of pure magnetite
Figs 2 a–c). The MMVFTB results are consistent with the Kap-
abridge results, which show a loss of all magnetization in a similar
emperature range (Figs 2 d–f). The majority of the thermomag-
etic curves for all sites except for 14/ R appear largely reversible
Figs 2 a and b, and d and e) suggesting no significant alteration to
he samples is occurring up to temperatures of 600–700 ◦C. Samples
rom site 14/ R show a slight increase in susceptibility between 500
nd 600 ◦C and a relati vel y large increase between 600 and 700 ◦C
Figs 3 c and f). The increase in susceptibility/magnetization with
o associated change to the Curie Temperature suggests that mag-
etite is being created above 600 ◦C. The lack of alteration below
00 ◦C supports that the site could provide reliable palaeointensity
stimates. 

SEM images from example specimens for each of the sites sug-
est that most opaque grains contain intergrowths of ilmenite lamel-
ae and magnetite with two different size distributions (Figs 2 g and
). Larger iron oxide grains are subdivided by needles of ilmenite on
he order of tens of μm long that are visible at the lower magnifica-
ion (top row) and also smaller lamellae on the order of ≤ 1 μm that
re only visible in the close-up images (bottom row). These struc-
ures are consistent with those observed from two-stage o xy exsolu-
ion processes (Gapeev & Tselmovich, 1983 ) and would be expected
o yield an unbiased palaeointensity estimate even in the case of a
igh-temperature thermochemical remanence (Shcherbakov et al.
019 ). The samples from sites 13/ R (Fig. 2 g) and 35/ R show the
amellae in large, subhedral grains that have some cracks running
hrough them. Cracks like these can represent a reduction in vol-
me associated with maghematization of magnetite but it is unclear
hether these cracks were caused by this as they appear similar to

he cracks in other mineral grains in the image and there is little
vidence of maghemite altering to haematite upon heating in the
 a  
ssociated rock magnetic experiments (Figs 2 a and d). The samples
rom sites 29/ R (Fig. 2 h) and 15/ R show the lamellae dividing up
keletal grains and, in some cases, the grains show signs of pitting in
he fine lamellae portions of the grain (Fig. 2 h, bottom image). The
EM images for site 14/ R (Fig. 2 i) show a different texture, with
hat appears to be skeletal grains made up of ≤1 μm magnetite
rains (top image). The accompanying EDX did not indicate any
itanium to suggest the presence of ilmenite lamellae, although it is
ossible that ilmenite lamellae are present but are too small to be
esolved by the SEM 

The SEM images are consistent with the hysteresis properties of
he samples determined from the MMVFTB and summarized on
he Day plot (Day et al. 1977 ; Fig. 3 ). The bulk domain stability
BDS) trendline has been included (Paterson et al. 2017 ). The rock
agnetic properties of samples plot in the upper part of the pseudo-

ingle-domain (PSD, sensu lato) region, with most data clustering
ogether, apart from 14/ R which includes grains that appear substan-
ially smaller than in other samples. The accompanying Arai plots
Fig. 4 ) are also fairly consistent with the hysteresis properties, with
he Arai plots from site 14 showing less curvature due to a smaller
verprint (Fig. 4 b) than those from other sites. 

A L A E O I N T E N S I T Y  

ethod 

everal palaeointensity techniques were attempted to determine the
trength of the geomagnetic field at 2.6 Ga. Thermal Thellier-type
xperiments, performed using the IZZI protocol (Tauxe & Staudigel
004 ; Yu & Tauxe 2005 ) with partial thermal remanent magneti-
ation (pTRM) checks (Coe 1967 ), were undertaken on 25-mm di-
meter core samples that were 12 mm in length. These experiments
ere performed at Curtin University using a TD-48-SC thermal de-
agnetizer, a 2 G Cryogenic magnetometer with a RAPID sample

andling system (Kirschvink et al. 2008 ), and an Agico JR-6A spin-
er magnetometer. The heating steps were performed in air using
n applied field strength of 20 or 30 μT parallel to the Z -axis of the

art/ggad423_f1.eps


434 L.M. Hawkins et al . 

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 13 R −2 (first column), 29 R −5 (second column) and 14 R −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 ( κ–T ; 
×10 −3 ) and (d)–(f) magnetization versus temperature (Am 

2 kg −1 ; ×10 −4 ); 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). 
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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 a pTRM 

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 palaeointensity results. Experiments were also performed using 
microwave energy to demagnetize and remagnetize the samples, 
continuing with the IZZI protocol with pTRM checks (Th-IZZI + ) 
and using the unique 14 GHz microwave palaeointensity system 

(Tristan) at the University of Liverpool (Hill & Shaw 1999 ; Suttie 
et al. 2010 ). The microwav e e xperiments were performed in air, 

art/ggad423_f2.eps
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Figure 3. Day plot (Day et al. 1977) showing the hysteresis properties of 
samples that produced palaeointensity 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; Hcr, 
coercivity of remanence; SD, single domain; PSD, pseudo-single domain 
and MD, multidomain. 
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n 5 mm diameter cores and with a field of 10 or 20 μT applied
ith at an angle > 45 ◦ with respect to the NRM (natural remanent
agnetisation). 
All the Thellier-type experiments were e v aluated using modified
C-CRIT.C1 selection criteria (Table 1 ) following (Paterson et al.

015 ) and are described in greater detail in ‘Standard Palaeointen-
ity Definitions’ (Paterson et al. 2014 ). This set of criteria has shown
o successfully filter out biased palaeointensity estimates, even in
he absence of pTRM tail checks (Grappone et al. 2019 ). Tail checks
ere not used here as we expect that MD behaviour would be ex-
ressed as zig-zagging in the Arai and/or orthogonal plot (Tauxe &
taudigel 2004 ). To further compensate for the lack of tail checks,

he limit on the | k ′ | statistic (Paterson 2011 ) was reduced to 0.36 in
rder to exclude Arai plots that are curved due to MD behaviour
Levi 1977 ). A further modification made to the MC-CRIT.C1 crite-
ia was that the FRAC criterion was changed from ≥ 0.55 to ≥ 0.25
consistent with Hawkins et al. 2019 ; Kodama et al. 2019 ). This
eduction was due to the ChRM only being present at high un-
locking temperatures ( ≥500 ◦C), while MC-CRIT.C1 was devel-
ped for single component analysis. Alteration can also be issue
here the ChRM exists at such high temperatures, so CDRAT 

′ 

nd n pTRM 

(Paterson et al. 2014 ) have also been added to reduce
he risk of alteration affecting the palaeointensity estimates even
urther. 

The double-heating technique (DHT) variant (Rolph & Shaw
985 ; Tsunakawa & Shaw 1994 ) of the Shaw ( 1974 ) method was
lso performed. The experimental procedure and naming conven-
ions used in this study are the same as those outlined in Yamamoto
t al. ( 2003 ). Samples were AF demagnetized , measured , given an
nhysteretic remanent magnetization (ARM) using an applied field
f 1000 mT and demagnetized again using the AF (Alternating
eld) demagnetizer integrated into both the Curtin and Liverpool
 G systems. The DHT technique then involves giving the sam-
le a TRM twice with the same AF and ARM steps performed on
he sample after each TRM acquisition. The TRM step was done
ither in Argon using the TD-48-SC or under vacuum using the
MTD24 thermal demagnetizers at Curtin and Liverpool, respec-

i vel y. During the TRM step, samples were heated to 600 ◦C and
eld for 20 min for TRM1 and 60 min for TRM2, while a field
f 20 μT was applied parallel to the z -axis of the half cores. The
alaeointensity is calculated from the ratio of NRM to TRM1 ∗
TRM1 corrected using a ratio of ARM0/ARM1), from the selected
inear component of the NRM-TRM1 ∗ plot. For analysis of the
haw-type experiments, the selection criteria used are the same as

hose used in Yamamoto et al. ( 2003 ) plus the MAD ANC and α cri-
erion determined in the same way as for the Thellier criteria (see
able 1 ). 

esults 

 total of 122 samples across 11 sites were measured for palaeoin-
ensity, with 28 measurements from 6 sites accepted, giving a pass
ate of 23 per cent. A summary of all palaeointensity results and
ssociated parameters are provided in the Supporting Information
 Tables S1 and S2 ). The site mean results, which range from 5.9 to
6.3 μT (virtual dipole moment, VDM’s of 11–44 ZAm 

2 ) are pro-
ided in Table 2 . Of the accepted measurements, the majority (54
er cent) came from microwav e e xperiments, 29 per cent came from
he Shaw experiments and 18 per cent from the thermal Thellier ex-
eriments. None of the LTD-Shaw experiments passed the selection
riteria of Yamamoto et al. ( 2003 ). While two of the LTD-Thermal
xperiments passed the selection criteria outlined in Table 1 , they
 ere low er than e xpected, in direct opposition to what is e xpected

rom the application of LTD steps (Smirnov et al. 2017 ). There
as some suspicion that other factors ma y ha ve resulted in these

esults being biased unexpectedl y, possibl y due to oxidation or the
resence of titanium affecting the Verwey (1939) transition, and
herefore they were excluded. The majority of the accepted Arai
lots (Fig. 4 ) from both the thermal and microwave experiments
ho wed tw o components with distinct directions on the accompa-
 ying ortho gonal plots. In some cases (e.g. site 14/ R ; Fig. 4 b), there
as little unblocking until high temperatures/powers and only a

ingle stable component was observ ed. Representativ e e xamples of
ome of the accepted Shaw results (Fig. 5 ) also show linear selected
omponents, corresponding to the ChRM direction. The most com-
on selection criteria the Thellier-type experiments failed were β

r DRAT, suggesting experiments either failed because of large
SD to MD behaviour or alteration. While many of the samples

hat provided reliable palaeointensity estimates, it is clear from the
EM analysis (Fig. 2 ) and the hysteresis properties of the samples
Fig. 3 ), that most of the samples include larger magnetite grains
hat can produce non-ideal behaviour. As for alteration, the ChRM
s generally only present at high unblocking temperatures ( ∼550–
80 ◦C), with alteration occurring close to the Curie temperature
f magnetite causing the last pTRM checks to fail. The small tem-
erature range may explain why there is a greater success rate for
he microwave experiments than the thermal one as the microwave
echnique can cause less alteration then comparative thermal ex-
eriments (e.g. Grappone et al. 2020 ). For the Shaw experiments,
he overprint and the ChRM do not al wa ys unblock as cleanly as in
he thermal experiments, making the selectable ChRM component

art/ggad423_f3.eps
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Figure 4. Representative accepted Arai plots from example Thellier-type experiments, one from each site, with accompan ying ortho gonal 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. H LAB is the strength of the applied field used during in-field steps and pTRM checks and 
H ANC 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 β FRAC q DRAT | CDRAT 

′ | MAD ANC α | −→ 

k | n pTRM 

≥ 4 ≤ 0.1 ≥ 0.25 ≥ 4 ≤ 10% ≤ 10% ≤ 10 ≤ 10 0.36 ≥ 3 

Table 2. Summary of the site mean palaeodirections (Liu et al. 2021 ) palaeointensity data, and Q PI assessment. Abbreviations are: n D / N D , number of 
directions measured/number of directions accepted; n / N T / N S / N MW 

/ 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, palaeointensity; s.d., standard deviation; 
VDM, virtual dipole moment and Q PI criteria as defined in Biggin & Paterson ( 2014 ), Biggin et al. ( 2015 ) and Kulakov et al. ( 2019 ). 
Site Lat ( ◦S) Long ( ◦E) Palaeodirections (stratigraphic) Palaeointensity Q PI criteria 

n D / N D Dec. Inc. k a95 n / N T / N S / N MW 

/ N PI ( μT) s.d. ( μT) 

s.d./ PI (per 

cent) VDM (ZAm 2 ) AGE DIR STAT TRM ALT MD ACN TECH LITH MAG Q PI 

13/ R 32.1 117.2 8/6 295.9 −51.0 24.0 15.5 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 9/8 277.9 −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 31.5 116.9 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 22.1 7.9 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 8.5 8/2/0/0/2 5.9 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 26.3 4.8 18 43 1 0 0 1 1 1 1 1 0 1 7 

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/236/1/431/7395012 by guest on 11 April 2024
D I S C U S S I O N  

To assess the reliability of the site level results, the nine qualitative 
palaeointensity ( Q PI ) criteria outlined by Biggin & Paterson ( 2014 ) 
and Biggin et al. ( 2015 ) were e v aluated for each site and are sum- 
marized in Table 2 . All of the sites passed AGE as there are isotopic 
age constraints (Stark et al. 2018 ) and palaeodirections were de- 
termined from origin-trending, high temperature components that 
contributed to an accepted palaeomagnetic pole (Liu et al. 2021 ). 
Three of the sites passed DIR as the directions came from ≥ 5 
samples and have a Fisher ( 1953 ) precision parameter k ≥ 50. None 
of the sites pass STAT ( n ≥ 5 and standard deviation equivalent to 
25 per cent based on Paterson et 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 
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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 ARM0/1/2 represent the AF demagnetization data along the axis for each of these steps as described in Yamamoto 
et al. ( 2003 ), while TRM1/2 ∗ are the ARM corrected data from TRM1/2. The intensity of the magnetization for all of the plots is given in A m 
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 bimodal magnetite grain size distribution formed through two-
tage o xy exsolution, with the smaller lamellae potentially forming
ust below the Curie temperature of magnetite (Gapeev & Tsel-
ovich 1983). In this case, the ChRM could be thermochemical

emanent magnetization (TCRM). Despite this, it has been shown
hat artificially produced TCRMs acquired just below the Curie tem-
erature yield unbiased palaeointensity results (Shcherbakov et al.
019 ). Given the high unblocking temperature range of the ChRM
f the YDS samples, these palaeointensity results should also be
nbiased by this phenomenon. We therefore consider the spirit of
he TRM criterion to have been met by all of our results. All of
he sites pass ALT as the Thellier-type experiments included pTRM
hecks with appropriate DRA T/CDRA T selection criteria and the
haw experiments used an ARM correction, also subject to strict
riteria. All sites also pass MD as the IZZI protocol was used on the
hellier-type experiments and produced no visual evidence of the
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zig-zagging (Yu & Tauxe 2005 ). Fur ther more, 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 ϒ (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 palaeointensity 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 2 g–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 palaeointensi- 
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 μT, 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 g rains (ie. ther mal, 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 palaeointensity estimates, we 
strongly promote its use. This is because we consider that mea- 
surement data that adhere to FAIR principles (findab le, accessib le, 
interoperab le and reusab le) 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 

2 ( ± 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 Palaeo- 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 w e ha ve, the difference in 
field strength between the expected values from thermal evolution 
models and results from sites that are relati vel y 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 et 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 Q PI 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 tr ustwor thy, 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: 

V per cent = V ̂

 D M / VDM med 

where V ̂

 D M is the interquartile range and VDM med 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. 6 b). 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 equi v alent plots for the most part of the Phanerozoic (10–500 
Ma, Figs 6 c and d ). Fig. 6 (c) allows the dipole lows in the mid- 
Jurassic (Kulakov et al. 2019 ) and mid-Palaeozoic (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 10–500 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 6 b and d). A two- 
sample Kolmogoro v–Smirno v 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 palaeosecular 
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 et 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. 

C O N C LU S I O N S  

The YDS has been shown to be suitable for providing reliable 
palaeointensity estimates with associated Q PI 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 μT, which convert to VDM values of 11–44 
ZAm 

2 . 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 Q PI ≥ 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 

https://www2.earthref.org/MagIC
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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 et al. 2022 ). (a) and (c) Time-series 
of estimates with circle size denoting Q PI value (Biggin & Paterson 2014 ). Published estimates in (a) are taken from (1) Dharwar Dykes (Valet et al. 2014 ); (2) 
Widgiemooltha Dykes (Smirnov & Evans 2015 ); (3) Matachewan Dyke Swarm (Macouin et al. 2003 ; Halls et al. 2004 ; Smirnov & Tarduno 2005 ; Smirnov 
et al. , 2005); (4) Karelia Dykes (Smirnov et al. 2003 ); (5) Vodlozerskii Terrane Dykes (Shcherbakova et al. 2017 ); (6) Nuuk Dyke (Morimoto et al. 1997 ); 
(7) Slave Dykes (Yoshihara & Hamano 2000 ); (8) Pilbara Lavas (Biggin et al. 2009 ); (9) Stillwater Complex (Selkin et al. 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. 
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ut those that predict a substantially stronger or weaker field in the
rchaean than in the Phanerozoic. 
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tark , J.C. , Wilde, S.A., S öderlund, U., Li, Z.-X., Rasmussen, B. & Zi, J.-W.,
2018. First evidence of Archean mafic dykes at 2.62 Ga in the Yilgarn Cra-
ton, Western Australia: links to cratonisation and the Zimbabwe Craton.
Precambrian Res. , 317, 1–13. 10.1016/j.precamres.2018.08.004. 

uttie , N. , Shaw, J. & Hill, M.J., 2010. Direct demonstration of microwave
demagnetization of a whole rock sample with minimal heating. Earth
planet. Sci. Lett. , 292, 357–362. 10.1016/j.epsl.2010.02.002. 

auxe , L. & Staudigel, H., 2004. Strength of the geomagnetic field in the Cre-
taceous Normal Superchron: new data from submarine basaltic glass of
the Troodos Ophiolite. Geochem. Geophys. Geosyst., 5, art. no. Q02H06.
10.1029/2003GC000635. 

hallner , D. , Biggin, A.J. & Halls, H.C., 2021a. An extended period of
extremely weak geomagnetic field suggested by palaeointensities from
the Ediacaran Grenville dykes (SE Canada). Earth planet. Sci. Lett. , 568,
117025. 10.1016/j.epsl.2021.117025. 

hallner , D. , Biggin, A.J., McCausland, P.J.A. & Fu, R.R., 2021b. New
paleointensities from the skinner cove formation, newfoundland, sug-
gest a changing State of the geomagnetic field at the Ediacaran-
Cambrian transition. J. geophys. Res.—Solid Earth , 126, e2021JB022292.
10.1029/2021JB022292. 

hallner , D. , Shcherbakova, V .V ., Bakhmutov, V .G., Shcherbakov, V .P., Zhid-
k ov, G.V., Poliachenk o, I.B. & Biggin, A.J., 2022. New palaeodirections
and palaeointensity data from e xtensiv e profiles through the Ediacaran
section of the Volyn Basalt Province (NW Ukraine). Geophys. J. Int. , 231,
474–492. 10.1093/gji/ggac186. 

sunakawa , H. & Shaw, J., 1994. The shaw method of palaeointensity deter-
minations and its application to recent volcanic-rocks. Geophys. J. Int. ,
118, 781–787. 10.1111/j.1365-246X.1994.tb03999.x. 

alet , J.P. , Besse, J., Kumar, A., Vadakke-Chanat, S. & Philippe, E., 2014.
The intensity of the geomagnetic field from 2.4 Ga old Indian dykes.
Geochem. Geophys. Geosyst. , 15, 2426–2437. 10.1002/2014GC005296. 

eikkolainen , T. & Pesonen, L.J., 2014. Palaeosecular variation, field rever-
sals and the stability of the geodynamo in the Precambrian. Geophys. J.
Int. , 199, 1515–1526. 10.1093/gji/ggu348. 

erwey , E. J. W. , 1939. Electronic Conduction of Magnetite (Fe3O4)
and its Transition Point at Low Temperatures, Nature, 144 (), 327–328.
10.1038/144327b0. 

http://dx.doi.org/10.1016/j.epsl.2019.116030
http://dx.doi.org/10.1111/j.1365-246X.1997.tb05320.x
http://dx.doi.org/10.1002/ggge.20142
http://dx.doi.org/10.1093/petroj/38.5.625
http://dx.doi.org/10.1038/nature16495
http://dx.doi.org/10.1073/pnas.1714047114
http://dx.doi.org/10.1029/2011JB008369
http://dx.doi.org/10.1016/j.pepi.2015.06.003
http://dx.doi.org/10.1029/2010gc003071
http://dx.doi.org/10.1002/2013GC005135
http://dx.doi.org/10.1016/0301-9268(90)90015-I
http://dx.doi.org/10.1002/grl.50762
http://dx.doi.org/10.1111/j.1365-246X.1985.tb05124.x
http://dx.doi.org/10.1029/2008GC001950
http://dx.doi.org/10.1016/j.epsl.2007.01.017
http://dx.doi.org/10.1111/j.1365-246X.1974.tb05443.x
http://dx.doi.org/10.1029/2019JB017873
http://dx.doi.org/10.1134/S1069351317050111
http://dx.doi.org/10.1016/j.epsl.2015.02.012
http://dx.doi.org/10.1016/j.precamres.2012.09.020
http://dx.doi.org/10.1029/2004JB003445
http://dx.doi.org/10.1016/j.pepi.2011.05.003
http://dx.doi.org/10.1093/gji/ggw080
http://dx.doi.org/10.1130/0091-7613(2003)0312.0.CO;2
http://dx.doi.org/10.1144/gsjgs.156.3.0561
http://dx.doi.org/10.1093/gji/ggy074
http://dx.doi.org/10.1016/j.precamres.2018.08.004
http://dx.doi.org/10.1016/j.epsl.2010.02.002
http://dx.doi.org/10.1029/2003GC000635
http://dx.doi.org/10.1016/j.epsl.2021.117025
http://dx.doi.org/10.1029/2021JB022292
http://dx.doi.org/10.1093/gji/ggac186
http://dx.doi.org/10.1111/j.1365-246X.1994.tb03999.x
http://dx.doi.org/10.1002/2014GC005296
http://dx.doi.org/10.1093/gji/ggu348


442 L.M. Hawkins et al . 
Wilde , S.A. & Pidgeon, R.T., 1987. Geochronology, geothermom- 
etry and petrology of the main areas of gold mineralization 
in the Wheat Belt Region of Western Australia. Western Aus- 
tralian Mining and Petroleum Research Institute, Project 30. 
https://www.mr iwa.wa.gov.au/resear ch-projects/pr oject-portfolio/u- 
pb- geochronology- geother mometr y- and- petrology- of- the- main- areas- 
of- gold- mineralisation- in- the- wheat- belt- region- of- w- a/ . 

Yamamoto , Y. , Tsunakawa, H. & Shibuya, H., 2003. Palaeointensity study 
of the Hawaiian 1960 lava: implications for possible causes of erro- 
neously high intensities. Geophys. J. Int. , 153, 263–276. 10.1046/j.1365- 
246X.2003.01909.x. 

Yoshihara , A. & Hamano, Y., 2000. Intensity of the Earth’s magnetic field in 
late Archean obtained from diabase dikes of the Slave Province, Canada. 
C © The Author(s) 2023. Published by Oxford University P
article distributed under the terms of the Creative Common
permits unrestricted reuse, distribution, and reproduction in
Phys. Earth planet. Inter. , 117, 295–307. 10.1016/S0031-9201(99)00103- 
X. 

Yu , Y.J. & Tauxe, L., 2005. Testing the IZZI protocol of geo- 
magnetic field intensity determination. Geochem Geophy Geosy, 6 . 
10.1029/2004GC000840. 

Zhang , Y. , Swanson-Hysell, N.L., Avery, M.S. & Fu, R.R., 
2022. High geomagnetic field intensity recorded by anorthosite 
xenoliths requires a strongly powered late Mesoproterozoic 
geodynamo. Proc. Natl. Acad. Sci. , 119, e2202875119. 
10.1073/pnas.2202875119. 

Zhou , T. et al. 2022. Early Cambrian rene w al of the geodynamo and the 
origin of inner core structure. Nat. Commun. , 13, 4161. 10.1038/s41467- 
022-31677-7. 
ress on behalf of The Royal Astronomical Society. This is an Open Access 
s Attribution License ( https://cr eativecommons.or g/licenses/by/4.0/ ), which 
 any medium, provided the original work is properly cited. 

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/236/1/431/7395012 by guest on 11 April 2024

https://www.mriwa.wa.gov.au/research-projects/project-portfolio/u-pb-geochronology-geothermometry-and-petrology-of-the-main-areas-of-gold-mineralisation-in-the-wheat-belt-region-of-w-a/
http://dx.doi.org/10.1046/j.1365-246X.2003.01909.x
http://dx.doi.org/10.1016/S0031-9201(99)00103-X
http://dx.doi.org/10.1029/2004GC000840
http://dx.doi.org/10.1073/pnas.2202875119
http://dx.doi.org/10.1038/s41467-022-31677-7
https://creativecommons.org/licenses/by/4.0/

	INTRODUCTION
	GEOLOGICAL BACKGROUND
	PALAEOMAGNETISM
	MAGNETIC MINERALOGY
	PALAEOINTENSITY
	DISCUSSION
	CONCLUSIONS
	ACKNOWLEDGMENTS
	DATA AVAILABILITY
	SUPPORTING INFORMATION
	REFERENCES

