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The Earth’s inner core grows by the freezing of liquid iron at its surface. The point in history at which 

this process initiated marks a step-change in the thermal evolution of the planet. Recent 

computational and experimental studies1-5  have presented radically differing estimates of the 

thermal conductivity of the Earth’s core resulting in widely ranged dates of inner core nucleation 

(from less than 0.5 to nearly 2 billion years). Some of these raise serious challenges to explaining 

how the dynamo responsible for generating the geomagnetic field has been sustained over the 

whole of observed Earth history. The nucleation of the core leads to a different convective regime6, 

and might be expected to produce different magnetic field structures, producing an observable 

signal in the palaeomagnetic record and allowing the date of inner-core nucleation to be estimated 

directly. Previous studies searching for this signature have been hampered by the paucity of 

palaeomagnetic intensity measurements, by the lack of an effective means of assessing their 

reliability, and by shorter timescale geomagnetic variations. Here we examine results from an 

expanded Precambrian database of palaeomagnetic intensity measurements7 selected using a new 

set of reliability criteria8. Our analysis provides the first intensity-based support for the dominant 

dipolarity of the time-averaged Precambrian field, a crucial requirement for palaeomagnetic 

reconstructions of continents. We also present the first firm evidence for the existence of very long-

term variations in geomagnetic strength. The most prominent and robust transition in the record is 

an increase in both average field strength and variability observed to occur between 1 and 1.5 billion 

years ago. This observation is most readily explained by the nucleation of the inner core occurring 

during this interval9; the timing would tend to favour a modest value of core thermal conductivity 

and supports a simple thermal evolution model for the Earth. 

 

Palaeomagnetists have long sought to use data to constrain the thermal evolution of Earth through 

its influence on the geodynamo10-16. In recent years, the quality and quantity of palaeomagnetic 

intensity (palaeointensity) measurements have increased dramatically allowing certain very long 

term variations in the Earth’s dipole moment to be claimed alongside postulated causes. For 

example, a “Proterozoic Dipole Low” extending from earliest Proterozoic (ca. 2450 Myr ago) to at 

least Cambrian (ca. 500 Myr ago) times was argued to reflect a weakened state of the geodynamo 

prior to inner core nucleation providing a substantial new power source7. More recently, the 

minimum of this weak-field interval was argued to be much earlier at ca. 2300-1800 Myr ago17 and 
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potentially linked to the existence of a dynamo generated in a basal magma ocean just above the 

outer core. Both of these studies suffered from limitations that we set out to address here: a 

shortage of measurement data in crucial time periods and an inability to demonstrate that claimed 

features were robust against sources of bias that include the intrinsic variability of the magnetic field 

on timescales of tens of Myr and less, and the variable reliability of the measurement data. 

The present study uses a global compilation of 363 palaeointensity data (17% more than used by ref. 

17 and with 41% more data in the interval 1000 to 1500 Myr) from the PINT database 

(http://earth.liv.ac.uk/pint/) which have all been assigned palaeointensity quality (QPI) values8. These 

values, applied at the palaeomagnetic site mean level, reflects the total number (maximum nine, see 

Methods) of a set of individual criteria judged to have been met by a single palaeointensity estimate. 

For the purposes of this study, 43 estimates that had QPI values of 0 (or which were duplicates of 

other, higher quality, data) were excluded leaving 320 estimates from 36 studies (Supplementary 

Tables 1 and 2) for analysis.   

Figure 1a,b shows the tendency of 118 of these palaeointensity results, selected because they were 

accompanied by suitable directional information (see Methods), to display a positive relationship 

between palaeointensity and palaeomagnetic inclination consistent with a dipole-dominated field. 

For QPI ≥ 1-5, all intensity data have significant positive Kendall rank correlations with inclination (τ ≥ 

0.232, P ≤ 0.0345; see Methods). This result further supports the hypothesis that the geomagnetic 

field has been dipole-dominated for most of its history, previously only investigated for the 

Precambrian using directional data18,19. The scatter about a dipole fit, as measured by the standard 

deviation about the expected intensity for a given inclination, decreases markedly as the minimum 

QPI value of the points is increased from 2 through 4 (Figure 1c) strengthening this observation and 

suggesting that  QPI criteria are an effective means of assessing Precambrian-aged palaeointensity 

data.  

The time evolution of the dipole moment was assessed using datasets with various minimum QPI 

values (Figure 2, Extended Data Figures 1-4). A minimum QPI cut-off of 3 offers the optimal trade-off 

between misfit and quantity of data (Figure 1c) but datasets produced using different cut-offs are 

also consistent with the findings detailed below (see Supplementary Table 3). 

Dipole moment estimates are far from uniformly distributed through the assessed time period (500-

3500 Myr; Figure 2). Within the more densely populated central time interval (1000-2800 Myr), 

virtual (axial) dipole moment (V(A)DM) measurements tend to be distributed in “strips” of 

measurements made from units of individual igneous provinces with small differences in age. A large 

range of V(A)DM measurements within a few Myr or less is fully consistent with palaeomagnetic 

records from the last 2 Myr20,21 supporting similar field behaviour throughout Earth history.   

Similar to what is observed for the 0-200 Myr time period22, V(A)DM measurements less than or 

equal to 50 ZAm2 are ubiquitous in the Precambrian record (figure 2). By contrast “high” V(A)DM 

measurements (greater than 50 ZAm2) are confined to time periods before 2400 Myr ago (denoted 

EARLY) and after 1300 Myr ago (denoted LATE). Some 48% of the estimates in these intervals (80 

from a total of 166) are “high” versus just 5% (2 from 41) in the intervening interval (denoted MID). 

Systematic bias from non-ideal rock magnetic behaviour or experimental procedures is very unlikely 

to be responsible for this disparity: MID interval measurements are sourced from 12 distinct studies 

(Supplementary Table 2) performed on a variety of lithologies (lavas, dykes, and plutons). Similarly, 

http://earth.liv.ac.uk/pint/
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“high” estimates from outside MID are sourced from 11 distinct studies from a total of 23 in the two 

intervals, also from a variety of lithologies.  Although the potential for biasing of palaeointensity 

estimates by poorly understood processes may remain even for results with high QPI values23-25, this 

could not explain higher estimates being commonplace in certain parts of the Precambrian but 

nearly absent in other parts that are otherwise reasonably well-represented.   

Each dataset (EARLY, MID, and LATE) was analysed using non-parametric statistics (Figure 3, 

Extended Data figure 5 and Supplementary Table 3). The distributions of V(A)DMs with QPI ≥ 3 in the 

LATE (median = 54 +3/-7 ZAm2) and EARLY (median = 44 +6/-3 ZAm2) intervals are distinct beyond 

the 90% confidence limit (P=0.064) according to the Kolmogorov-Smirnov test (Supplementary Table 

3).  MID has a median (30 ± 8 ZAm2) which is 32% lower than EARLY and 44% lower than LATE and is 

distinct from both at a confidence limit >> 99.9%. The significance level of these disparities remains 

>99% using a minimum QPI cut-off of 4 and far exceeds this using cut-offs of 1 and 2 (Supplementary 

Table 3). A further resampling test (see Methods), incorporating quoted uncertainties in both the 

V(A)DMs and their associated ages also produces significant results for a QPI cut-off of 3 or below 

(Extended Data Table 1).  

To investigate whether the differences observed between our intervals could be explained by 

oversampling of geomagnetic variations occurring on timescales shorter than those which we are 

interested in here, we devised a tailored likelihood test (see Methods). This incorporates effects of 

bias arising from large (factor of 3) and long-lasting (50 Myr, chosen to be longer than any known 

superchron) shifts in the time-averaged dipole (likely due to variable mantle forcing26) and also bias 

potentially caused by “normal” secular variation on the clustering of measurements, derived from 

the same suite of igneous rocks, within periods of 200 kyr. Analysing the data with QPI ≥ 3 (Extended 

Data Table 2) indicates that, as would be expected, substantial differences between the distributions 

of V(A)DM data are much more likely to arise by chance when such sources of bias are considered. In 

particular, they could explain the differences observed between the V(A)DM distributions produced 

from the EARLY and MID intervals (P=0.187). Nevertheless, the simultaneous observation of 

differences of the same magnitude as observed between time periods MID and LATE remains highly 

unlikely (P=0.012) without appealing to either systematic measurement bias or some very long term 

evolution of the time-averaged dipole moment. Two studies27,28 which were not fully represented in 

previous versions of the database contribute 72% of the data within the LATE interval. Nevertheless, 

arbitrarily excluding all data from either one of these studies still yields a low likelihood (P ≤ 0.068) 

that the differences observed exist by chance alone (Extended Data Table 2). Given that there is no 

good reason to suspect that both of them are biased high, we infer that the observed differences are 

robust. Similarly, robust results (though with reduced levels of significance) are produced if we allow 

the long term changes to increase to extreme factors of 6 and 12 (Extended Data Table 2). We 

conclude that our updated palaeointensity dataset presents the first compelling evidence of 

geomagnetic intensity variations occurring on timescales longer than those which have previously 

been ascribed to mantle convection. Furthermore, a significant increase in the time averaged dipole 

moment very likely did occur at some time close to the end of our MID interval or near the beginning 

of our LATE time interval. Interestingly, the timing of this transition fits well with a recent finding29 

that the pattern of palaeomagnetic secular variation (based on purely directional data) shifted to a 

less stable state ca. 1500 Myr ago. 



4 
 

Taken at face value, the record summarised in Figure 2d (and extended data figures 1d-4d) indicates 

that there was a gradual decrease in dipole moment and its variability beginning in the late 

Archaean (ca. 2500 Myr ago) which terminated with an abrupt increase in the Mesoproterozoic (ca. 

1300 Myr ago). A qualitatively similar pattern of dipole moment evolution through the Precambrian 

was predicted by a study9 employing a thermal evolution model coupled to the results of scaling 

analyses of numerical geodynamo models. In the framework of this “Low Power” end-member 

prediction (Figure 11b in ref. 9), the gradual decrease in dipole moment would reflect the 

diminishing vigour of thermal convection caused by the secular cooling of the core; the subsequent 

sharp recovery at ca. 1300 Ma would mark the sudden commencement of much more efficient 

compositional convection at the point of inner core nucleation. The thermal model in question 

predicted a somewhat earlier low-high transition (i.e. age of inner core nucleation) of ca. 1800 Myr 

ago but we speculate that a slightly less extreme “Low-Mid Power” model could show good 

agreement with the record presented here.  

A corollary of a Mesoproterozoic-age inner core and a conventional thermal history of the Earth is 

that the long term dipole moment would likely have undergone only a small decrease since the 

onset of compositional convection9. Although intervening data are currently rare, a relative wealth 

of palaeointensity data is available in the interval 0-300 Myr ago and enables a limited test of this 

hypothesis. A high quality subset of these data (the RECENT interval, see Methods) yields a median 

V(A)DM (50 ± 5 ZAm2) which is ≤ 10% lower than that of the LATE interval (Figure 3, Extended Data 

Figure 5 and Supplementary Table 3). Similarly, a recent analysis22 of the last 200 Myr yielded a long 

term median dipole moment of 42 ZAm2 which is a maximum of 24% lower than the median values 

calculated for our LATE interval. Thus the high values of dipole moment in our LATE interval are 

nearly matched by those within the RECENT interval consistent with the very-long-term strength of 

the field decaying only marginally since inner core nucleation. Our prediction is therefore supported 

by existing data and a more complete test will be possible in the future once the time period 300-

1000 Myr has been populated with reliable new palaeointensity measurements. 

Our interpretation of the dipole moment record is not unequivocal because the implications of inner 

core nucleation for the observable field at the Earth’s surface are not fully understood. Furthermore, 

some mantle-forced shift in core-mantle heat flow, lasting in excess of 50 Myr and perhaps related 

to the supercontinent cycle or secular mantle evolution, cannot be ruled out as causing a significant 

shift in geomagnetic behaviour during the Mesoproterozoic. Nevertheless, in the absence of rival 

thermal models making predictions similar to that which we have based our interpretation on, we 

argue that nucleation of the inner core in the Mesoproterozoic is presently the most likely 

explanation for the increase we have reported. Alternative candidates, potentially worthy of testing 

with models in the future, include increases in core-mantle heat flow resulting from the onset of 

whole mantle convection (or even plate tectonics) and the first appearance of post-perovskite (with 

associated elevated thermal diffusivity30) at the base of the mantle.  
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Main figure legends 

Figure 1: Fits of palaeointensity data by minimum QPI value to palaeomagnetic inclination patterns 

predicted by a dipole field.  (a,b) Box-plots for all data in 30° inclination bins with minimum QPI 

values as shown. Horizontal lines are medians, boxes show the interquartile range (IQR), error bars 

show the full range excluding outliers (crosses) defined as being more than ±1.5 IQR outside of the 

http://www.nature.com/reprints
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box. (c) Number of data (N), number of references Nref, and model misfit (shading shows 

bootstrapped 95% uncertainties) versus minimum QPI value. Raw data is plotted in Extended Data 

Figure 6a. 

Figure 2: Four different representations of V(A)DM versus age for all data with QPI ≥ 3. (a): Bubble 

plot where size indicates QPI value. (b) Density plot of number of measurements. (c) Density plot of 

sum of QPI values. (d) Box plot after binning with an interval length of 200 Myr (number of data in 

each are given with the number of published studies in parentheses). See Figure 1 caption for an 

explanation of the box plot.  

Figure 3: Box-plot and summary statistics for different time intervals comprising V(A)DM estimates 

with QPI ≥ 3. NData refers to the number of V(A)DM estimates in each interval and NRef refers to the 

number of published studies that these are drawn from. V(A)DMMed and V(A)DMIQR refer, 

respectively, to the median and interquartile range of the V(A)DM estimates within each interval. 

See Extended Data Table 1 for further information including the effect of varying the minimum QPI 

value. See Figure 1 caption for an explanation of the box plot. Thick error bars indicate 95% 

confidence limits (from 10,000 bootstraps) on the median values. 

 

METHODS 

Data Selection 

During the Nordic Supercontinents Workshop in Haraldvangen, Norway in October 2014, we 

updated the PINT database7 to contain all published palaeointensity measurements from rocks older 

than 500 Myr at the site mean level and applied QPI criteria as set out in ref. 8 (see also 

http://qpi.wikispaces.com/). These are a set of 8 criteria based on same model of Q criteria31 as 

widely used for palaeomagnetic poles but reformulated for palaeointensity measurements and 

applied at the site-mean level. The QPI value is the sum of the criteria met and is intended to 

comprehensively reflect the extent to which numerous known sources of bias to palaeointensity 

estimates have been reasonably guarded against.   

 An additional criterion “MAG” was added to the original 8 which stipulates that the associated raw 

measurement data must be publically available for scrutiny (the MagIC database -

http://earthref.org/MAGIC/ provides the ideal venue for these). It was recently observed that TRM 

preserved in non-single domain grains can be meta-stable producing an additional potential source 

of bias to palaeointensity estimates23. A very recent study32 has suggested that this bias could be 

towards either over- or under-estimation of the palaeointensity (depending on the magnetic history 

of the samples) but could be guarded against by applying sufficiently strict reliability criteria. 

Importation of the raw data into the MagIC database would allow this to be done at a future date. 

A further change to the criteria outlined in ref. 8 is that, in order to meet the AGE criterion in this 

study, we required the maximum nominal uncertainty in the age estimate of the result to be less 

than or equal to 50 Myr.  

For the purpose of testing the dipole relationship (Figure 1 and Extended Data Figure 6), we only 

accepted measurements of the palaeointensity which had associated directional data (also at the 

http://qpi.wikispaces.com/
http://earthref.org/MAGIC/


8 
 

site mean level) derived from a minimum of 3 specimens with an associated Fisher precision 

parameter (k) > 10 and/or 95% cone of confidence (95) < 30°. 

Significant correlations between palaeointensity and inclination were tested for using the Kendall 

tau rank correlation coefficient assessed at the 5% significance level. The one-tailed correlation was 

used to specifically test for a positive rank correlation, which would be expected for a dominantly 

dipolar field. 

Virtual dipole moments (VDMs) Virtual axial dipole moments (VADMs) are calculated (in Am2 

expressed as ZAm2 where the Zeta prefix is 1021) using equation (1) 

𝑉(𝐴)𝐷𝑀 =  
4𝜋𝑟3

𝜇0
𝐹(1 + 3𝑐𝑜𝑠2𝜃)−

1

2 (1) 

Where r is the radius of the Earth (6.371 x 106m), 0 is the permeability of free space (1.257 x 10-6 m 

kg s-2 A-2) , F is the palaeointensity (in Tesla) and  is the magnetic colatitude calculated using 

equation (2): 

= 90 – tan
-1

(1/2 tan I) (2) 

Where I is the site mean inclination for a VDM (i.e. assuming a dipole field) and I is the study mean 

inclination for a VADM (i.e. assuming an axial dipole field and a sufficient averaging of directional 

secular variation)  

 

Monte Carlo Resampling Test 

To further test the hypothesis that the MID period (~1300 – 2400 Ma) has V(A)DMs that are 

significantly lower than those of the EARLY (> 2400 Ma) and LATE (< 1300 Ma) periods we adopt a 

Monte Carlo (MC) resampling approach with 10,000 repetitions. For this, we consider the 

uncertainties in both the ages and V(A)DMs and therefore exclude data where no uncertainties are 

reported, which leaves a total of 183 results with QPI ≥ 1. For each repetition, the age and V(A)DM of 

each result are resampled from normal distributions where the means are the reported mean 

values. The reported age uncertainties are taken to represent 2σAge errors where σAge is the standard 

deviation. For the V(A)DM standard deviations we use the unbiased estimate of the standard 

deviation of the distribution of V(A)DM means: 

 

   

 (3) 

where t is the t-critical value for the 68th percentile (i.e., the standard deviation coverage interval 

for a normal distribution), VADMErr is the reported uncertainty, and N is the number of specimens 

used to estimate the mean. VADM represents the V(A)DM distribution that would be obtained if 

were able to repeat the experiments multiple times. After all data have been resampled for a given 
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repetition, the resampled data are split into the EARLY, MID and LATE periods and a one-tailed 

Kolmogorov-Smirnov (K-S) test for equality of distributions is performed. 

We count the proportion of repetitions where we cannot reject the null hypothesis of the K-S test. 

This represents the proportion of repetitions where it is unlikely that the MID period V(A)DMs are 

lower than the other periods at the 5% significance level. The results for the test with various QPI 

thresholds are given in Extended Data Table 1.  

Despite the reduced number of data, the resampling test, which accounts for data uncertainties, 

confirms a reduction in the average dipole moment up to QPI ≥ 3. However, too few data, particularly 

for the MID period, are available to confirm this for QPI ≥ 4-5. 

 

 

New Likelihood Test 

A potential problem with using general statistical tests to determine significance for palaeomagnetic 

data sets is that they do not account for potentially strong correlations that may occur between data 

that are typically sampled highly non-uniformly though time. Here we are attempting to isolate 

variations on the billion year timescale but need to consider the risk that observed differences in fact 

arise from over-sampling of periods of unusually high or low field geomagnetic intensity produced by 

shorter timescale variations. Specifically: 

1. Mantle convection may change the heat flowing across the core-mantle boundary causing 

shifts in the dipole moment lasting tens of millions of years26 

2. Secular variation, reflecting the intrinsic operation of the geodynamo may produce similar 

shifts lasting up to a few hundred kyr 21   

Our understanding of the above processes is incomplete even for recent times and is very poor for 

the Precambrian period with which we are concerned with in this study. Nevertheless, we designed 

a test which attempted to incorporate Process 2 by using a record of dipole moment variations for 

the last 2 million years20 and, further, allowed this to be rescaled (producing variations in the long 

term average of up to a factor of 3) to account for Process 1. The test was later repeated allowing for 

variations of up to a factor of 6 and 12 from Process 1. 

It is impossible to be certain whether our rescaled models are representative for the time periods 

being tested. Nevertheless, we point out that the minimum (5 ZAm2), maximum (143 ZAm2) and 

median (54 ZAm2) values generated by them (utilising a factor of 3 variation for Process 1) do at least 

appear to be similar to those observed in the measured values that we are testing (figure 2). Also, 

the test outlined below compares relative rather than absolute differences; therefore a very good fit 

is not required. 

For the purpose of the tailored likelihood test, we first assigned every measurement in our QPI ≥ 3 

subset to a “Mantle Group” and a “Secular Variation (SV) Group” (Supplementary Table 2).  
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- Each Mantle Group comprised results whose stated age was within 50 Myr of one another. 

Where estimates could be non-uniquely assigned to Mantle Groups, they were placed in 

with the estimates whose age was closest to their own.   

- Each SV Group comprised results which had the same stated age. If results had the same age 

but were assigned different polarities, they were placed in separate SV groups. 

The likelihood test estimated the probability of differences of the relative magnitude observed 

between the dipole moment distributions from two intervals (EARLY, MID and/or LATE) being 

arrived at by chance alone subject to simulated effects of processes 1 and 2 above. Firstly, for each 

real pair of datasets, the following were calculated: 

a. The relative difference in the medians (expressed as a percentage of the smaller 

value) 

b. The relative difference in the interquartile ranges (IQRs; expressed as a percentage 

of the smaller value) 

c. The P-value associated with a Kolmogorov-Smirnov test for  equality of distribution  

Subsequently, these were compared to similar values produced by 2 pseudo-datasets which were of 

equal size to the real datasets and which contained identically sized and configured Mantle Groups 

and Secular Variation Groups. These pairs of pseudo-datasets were derived by 10,000 iterations of 

the following procedure (see example in Extended Data Figure 7): 

1. For each Mantle Group, the PADM2M model20 of dipole moment variations for the last 2 

Myr was rescaled using a factor drawn at random from a uniform distribution with a range 

of 0.5 to 1.5 (or 0.375 to 2.25 for rescaling factor 6 and 0.25 to 3.00 for rescaling factor 12). 

This was done to incorporate variations that might plausibly arise from mantle forcing of the 

geodynamo into the test.   

2. For each Secular Variation Group within the Mantle Group, a 200 kyr continuous sub-interval 

within the rescaled model was selected at random. This was done to allow for data from the 

same Secular Variation Group to be plausibly clustered in time.  

3. For each measurement within the Secular Variation Group, a dipole moment estimate was 

randomly selected from within the sub-interval. 

The likelihood of obtaining each of the values in a-c above by chance alone (P(Med), P(IQR) and 

P(KS) in Extended Data Table 1) was estimated by the fraction of the 10,000 randomly generated 

pseudo-datasets that produced differences of the same or larger magnitude in these values.  

The likelihood of simultaneously obtaining such differences (P(all) in Extended Data Table 1) was 

estimated by the fraction of the 10,000 randomly generated pseudo-datasets which produced 

differences of the same or larger magnitude in all three of the values simultaneously.  

 

RECENT Dataset 

Our RECENT data-set consists of all measurements of V(A)DM in the PINT database at the site-mean 

level that are derived from rocks with a stated age between 1 and 500 Myr. The interval 0-1 Myr was 
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excluded to minimise skewing of the dataset and estimates were further required to meet the 

following criteria: 

(i) The QPI criterion STAT which stipulates that the number of sample palaeointensity 

measurements comprising the mean is ≥ 5 and that the associated standard deviation is 

≤ 25% of the mean value. 

(ii) The use of one of the following palaeointensity techniques: T+ (Thellier with pTRM 

checks), M+ (Microwave with pTRM checks), LTD-DHT Shaw or some combination of 

techniques including at least one of the above. This should ensure that all results meet 

the ALT criterion of the QPI set. 

These criteria were chosen as they are two of the most important indications of reliability and can 

be easily applied to measurements in the PINT database without requiring that the original 

manuscript is rechecked. They should ensure that the RECENT dataset comprises measurements 

with associated QPI values of at least 2. Previous experience suggests that the vast majority of this 

dataset will also satisfy the AGE criterion and many will also satisfy others too. We therefore expect 

that the median QPI for the 218 estimates comprising the RECENT dataset to be either 3 or 4. Some 

139 estimates had directional information meeting the requirements defined above and the 

palaeointensity – inclination relationship is plotted in Extended Data Figure 6b. 

 

References from Methods 

31 Van der Voo, R. The Reliability of Paleomagnetic Data. Tectonophysics 184, 1-9 (1990). 
32 Shaar, R. & Tauxe, L. Instability of thermoremanence and the problem of estimating the 

ancient geomagnetic field strength from non-single-domain recorders. P Natl Acad Sci USA 
(Submitted). 

 

Extended Data Figure and Table Captions 

Extended Data Figure 1: Four different representations of V(A)DM versus time for all data with QPI ≥ 

1. (a): Bubble plot where size indicates QPI value (b) Density plot of number of measurements. (c) 

Density plot of sum of QPI values. (d) Box plot after binning with an interval length of 200 Myr 

(number of data in each are given with the number of published studies in parentheses). See Figure 

1 caption for an explanation of the box plot.  

Extended Data Figure 2: Four different representations of V(A)DM versus time for all data with QPI ≥ 

2. (a): Bubble plot where size indicates QPI value (b) Density plot of number of measurements. (c) 

Density plot of sum of QPI values. (d) Box plot after binning with an interval length of 200 Myr 

(number of data in each are given with the number of published studies in parentheses). See Figure 

1 caption for an explanation of the box plot.  

Extended Data Figure 3: Four different representations of V(A)DM versus time for all data with QPI ≥ 

4. (a): Bubble plot where size indicates QPI value (b) Density plot of number of measurements. (c) 

Density plot of sum of QPI values. (d) Box plot after binning with an interval length of 200 Myr 
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(number of data in each are given with the number of published studies in parentheses). See Figure 

1 caption for an explanation of the box plot.  

Extended Data Figure 4: Four different representations of V(A)DM versus time for all data with QPI ≥ 

5. (a): Bubble plot where size indicates QPI value (b) Density plot of number of measurements. (c) 

Density plot of sum of QPI values. (d) Box plot after binning with an interval length of 200 Myr 

(number of data in each are given with the number of published studies in parentheses). See Figure 

1 caption for an explanation of the box plot.  

Extended Data Figure 5: Box-plots for time intervals defined in main text and summarised in Supp. 

Table 3 comprising measurements with different minimum QPI values. See Figure 3 for QPI ≥ 3 data 

and Figure 1 caption for an explanation of the box plot. Thick error bars indicate 95% confidence 

limits (from 10,000 bootstraps) on the medians. 

Extended Data Figure 6: Raw Palaeointensity vs Inclination data shown with a best-fitting dipole for 

the four studied time intervals. Circle size indicates QPI value in (a).  

Extended Data Figure 7: Examples of two pseudo-datasets produced by one iteration of the new 

likelihood test (see Methods section for details). Each of the V(A)DM estimates (red asterisks) are 

drawn from one of multiple 200 kyr long sub-intervals (blue lines) of Padm2m21 (black line) which is 

rescaled by a random factor between 0.5 and 1.5. Data from the same Mantle Group are drawn from 

sub-intervals with the same rescaling to simulate the possible effects of mantle-forced variations. 

Data from the same Secular Variation Groups are drawn from the same 200 kyr sub-interval to 

simulate the possible effects of further temporal clustering. Panel (a) shows an example using the 

Mantle Groups and SV Groups of interval LATE and (b) shows the same for interval MID.  

Extended Data Table 1: Summary results from the Monte Carlo resampling test (see Methods for 

details). N refers to the number of data (required to have quoted uncertainty values) used in each 

test. 

Extended Data Table 2: Results of the tailored likelihood test applied to datasets in Supplementary 

Table 2  (see Methods section for details). P(Med) and P(IQR) refer to the estimated likelihoods of 

the observed differences in the medians and interquartile ranges arising by chance alone. P(K-S) is 

the same but refers to the given level of significance observed in the Kolmogorv-Smirnov test of 

equality for probability distributions. P(ALL) refers to likelihood of all three above likelihoods being 

met simultaneously by chance alone. Note that the LATE vs MID tests were repeated after excluding 

data from studies referred to in the main text in order the test the robustness of the observed 

differences. Note that the P(ALL) value actually increases as a result of excluding Ref. 28.   
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