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The intensity of the geomagnetic field in the late-Archaean: new measurements

and an analysis of the updated IAGA palaeointensity database
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We firstly present the results of a detailed palaeointensity study performed on 54 samples from 9 volcanic units
of late Archaean age (2724-2772 Ma) from the Pilbara Craton, Western Australia. These results were severely
affected by magnetomineralogical alteration occurring during the laboratory heating process necessitating the
application of a correction procedure. The correction allowed results from three lavas to pass strict selection
criteria but we deem that only one of these exhibits sufficient internal consistency to be considered moderately
reliable. It yields a virtual dipole moment of 4746 ZAm? which is 60% of the present-day value. We combine
this determination with a filtered dataset from the updated IAGA (International Association of Geomagnetism
and Aeronomy) palacointensity database, PINTO8. Directional secular variation has recently been shown to have
changed fundamentally since the Archaean, probably as a consequence of inner core growth since that time.
However, here we argue that it is still unclear whether this evolution was accompanied by a single long timescale
change in average poloidal field intensity. While the distribution of Precambrian palaeointensity determinations as
a whole is significantly lower than that for the last 300 Myr, we show that this finding largely reflects data from the
Proterozoic aeon. The distribution of more ancient measurements from the late Archaean-earliest Proterozoic is
indistinguishable from that of the last 300 Myr which might suggest that a ‘Proterozoic dipole low’ period existed
between two periods of higher field intensity. Were this pattern of long-term geomagnetic intensity variation to
be supported by the addition of new data in the future, then it could indicate a related three-stage evolution in
core dynamics, namely: vigorous thermal convection caused by high core-mantle heat flux early in the Earth’s
history, weaker thermal convection later as the heat flux fell, and finally, strong compositional convection since

the inner core nucleated.

Key words: Palacointensity, Archaean, Pilbara, magnetomineralogical alteration, inner core growth.

1. Introduction

Geomagnetic field behaviour varies on timescales much
longer than those associated with outer core convection.
Observed variations in average reversal rate with a time pe-
riod of approximately 200 Myr (Courtillot and Olson, 2007)
were most likely forced by mantle convection and resulting
changes in the net heat flux across the core-mantle boundary
and/or the spatial pattern of this heat flux. Longer timescale
variations in geomagnetic behaviour (Macouin et al., 2004;
Coe and Glatzmaier, 2006; Biggin et al., 2008) may well be
associated with the growth of the inner core which affects
the geodynamo both by changing the geometry of the spher-
ical shell it operates in and by providing a highly efficient
power source (Gubbins et al., 2003; Labrosse, 2003) for its
operation.

Smirnov and Tarduno (2004) studied geomagnetic
palaeosecular variation (PSV) in the late Archaean and
early Proterozoic and reported that it was similar to that ob-
served in the last 5 Myr with a suggestion of more dipole
dominance. Very recently, Biggin et al. (2008) reanalysed
PSV in this period (2446-2823 Ma) with a much larger

Copyright © The Society of Geomagnetism and Earth, Planetary and Space Sci-
ences (SGEPSS); The Seismological Society of Japan; The Volcanological Society
of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sci-
ences; TERRAPUB.

and more strictly filtered dataset and concluded that it was
fundamentally different during the late Archaean and early
Proterozoic relative to more recent times (both the period
0-5 Ma and the period 0-195 Ma). They argued that, con-
sistent with some dynamo simulations (Roberts and Glatz-
maier, 2001; Coe and Glatzmaier, 2006), this was probably
due to the growth of the inner core between these periods
acting to destabilise the geodynamo by changing the geom-
etry of the outer core.

This fundamental shift in secular variation style may have
been accompanied by a increasing tendency for polarity
reversal in more recent times (see discussions by Roberts
and Piper, 1989; Dunlop and Yu, 2004; Coe and Glatzmaier,
2006; Biggin et al., 2008) but was it also accompanied by a
fundamental change in mean field intensity?

The inner core has almost certainly increased substan-
tially in size over the period of time for which absolute
palaeointensity determinations are potentially available (the
last 3200 Myr at least) and most probably begun forming
during this period. The determining factor for the age of the
inner core and the rate of its subsequent growth is the heat
flux across the core-mantle boundary. All else being equal,
the nucleation of the inner core is expected to have signifi-
cantly increased the power available for Ohmic dissipation
in the outer core by allowing the initiation of compositional
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Table 1. Summary of mean directional data from sites used in the palaeointensity study. AMG refers to Australia Map Grid, N is the number of samples
measured, # is the number of sample directions used for the mean direction, Plat is the implied palaeolatitude.

Package Nusr:Eer Lithology AMG( :ggrg:‘r;ates Strike/Dip| N n dec® inc® k a95 R Plat° \I,ftf |Zs:°
1 GSP66 Basalt 51K 0212666 - 7628329 | 345/26 E 7 7 1421 | 715 | 4898.0] 09 | 6.999 | 56.2 | -45.4 | 149.4
1 GSP65 Basalt 51K 0212666 - 7628329 | 345/26 E 7 6 136.6 | 67.2 | 7480 | 25 | 5993 | 499 | -456 | 159.5
1 GSP63 Basalt 51K 0212600 - 7628194 | 345/28 E 7 7 129.1 | 705 | 1615 | 48 | 6.963 | 54.7 | -39.6 | 155.8
1 GSP62 Basalt 51K 0212600 - 7628194 | 345/28 E 7 6 1329 | 704 | 1756 | 5.1 | 5.972 | 545 | -41.7 | 154.9
1 GSP61 Basalt 51K 0212600 - 7628194 | 345/28 E 7 7 129.4 | 66.5 | 1014.7] 1.9 | 6.994 | 49.0 | -41.6 | 162.9
7 GSP79 Basalt 51K 0228781 - 7639463 | 023/15E 10 10 151.8 | 64.2 ]| 589.2 | 20 | 9.985 | 46.0 | -56.3 | 156.7
7 GSP78 Basalt 51K 0228667 - 7639456 | 023/15 E 14 12 160.8 | 64.9 | 4405 | 2.1 | 11.975] 46.9 | -60.1 147.2
7 GSP77 Basalt 51K 0228554 - 7639452 | 023/13 E 14 11 164.1 | 63.3 | 156 | 11.9] 10.358 ] 44.8 | -63.1 145.8
2 GSP9I1 Massive dacite porphyry | 51K 0226052 - 7650595 | 040/20 E 10 10 292.6 | -489 | 164.7 | 3.8 | 9.945 | 29.8 29.4 7.2

convection (Buffett, 2003; Labrosse, 2003). This process
also releases latent heat which further helps drive convec-
tion. We might therefore expect Precambrian palaeointen-
sity measurements to provide a ‘smoking gun’ signature for
the onset of inner core growth by recording a marked in-
crease in their values.

Some reviews of Precambrian palaeointensity (e.g.
Prévot and Perrin, 1992; Smirnov ef al., 2003; Dunlop and
Yu, 2004) have concluded that there is little evidence for
any long term trend in mean geomagnetic intensity. Con-
versely, Macouin et al. (2004) argued for a long-term in-
crease of dipole moment and in particular, a ‘significant in-
crease’ initiated some time between 1000 and 300 Ma.

This is consistent with recent studies of the lowermost
mantle (Lay et al., 2006; van der Hilst et al., 2007) which
concluded that the present day heat flux across the CMB
is rather high (~10 TW) which, extrapolated to earlier peri-
ods, would have resulted in the inner core forming relatively
late in the Earth’s history (in, say, the last 1.5 billion years).

Here we aim to better constrain the evolution in mean
geomagnetic intensity since the Archaean. We firstly re-
port on a palaeointensity study performed on late Archaean
lavas from the Nullagine and Mount Jope Supersequences,
Pilbara Craton, Western Australia. Secondly, we combine
the most reliable determination obtained from this study
with others from the same period (taken from the newly
updated PINTO8 database) and compare these with younger
estimates in an effort to ascertain the effect of inner core nu-
cleation/growth on the evolution of the geomagnetic dipole
moment over the last few billions of years.

2. Geology and Sampling

The geology of the Nullagine and Mount Jope Superse-
quences is described in detail by Blake (1993, 2001). The
two supersequences are interpreted as the rock record of two
phases of continental break-up. The first phase is marked
by the extrusion of large volumes of subaerial flood basalts,
followed by development of extensional sedimentary basins
and associated felsic and mafic volcanics. The second phase
is associated with mafic and minor felsic volcanism (Fig. 1).
The Nullagine and Mount Jope Supersequences have been
subdivided into 12 Packages in the Nullagine Synclinorium
(Fig. 1), based on regional unconformities (Blake, 2001).
These Packages are provisionally numbered from 1 to 12
until their full regional extent is known. A regional cor-
relation is currently in progress (Blake, in prep.) and re-
cent palacomagnetic work (Strik et al., 2003; Strik, 2004)

seems to confirm the stratigraphic framework. The Nul-
lagine and Mount Jope Supersequences have recently been
dated with high precision (Fig. 1, Wingate, 1999; Blake et
al., 2004). The succession is generally only gently folded
and the metamorphic grade does not exceed 200 MPa and
300°C (Smith et al., 1982).

The samples used for palaeointensity determination were
flood basalts and a felsic porphyry (see Section 4.2) taken
from the Meentheena Centrocline in the East Pilbara Basin
(Fig. 1). Rock core samples were initially collected for
NRM analysis (Strik et al., 2003; Strik, 2004) during trips
in 1999 and 2000, and the most promising specimens of
these rock core samples were selected for palaeointensity
determination. For this study, we selected flood basalt spec-
imens from Package 1 (GSP61-63, 65, and 66); felsic por-
phyry samples from Package 2 (GSP91); and flood basalt
samples from Package 7 (GSP77-79). Published ages of
these packages made using the SHRIMP U-Pb and Pb-Pb
methods (Wingate, 1999; Blake et al., 2004) range from
277242 Ma (Package 1) to 27214 Ma (Package 7).

Careful bedding plane measurements were made at the
outcrops. The tectonic corrections resulting from these
tended to be small (Table 1) as the folding of these flood
basalts was generally slight. Core samples were generally
taken in the field using a petrol engine drill and orientated
with both a magnetic and sun compass; a few hand samples
were also collected. The sampling sites were carefully se-
lected outcrops that were recently exposed in incised river
valleys; the sampled material was therefore extremely fresh.
In the laboratory, the hand specimens were cored and all
cores were cut to standard specimens of 22 mm length.

3. Methodology

For the directional study, one specimen from each core
was stepwise demagnetised. This was most commonly done
using thermal demagnetisation carried out in a magneti-
cally shielded, laboratory-built furnace although alternat-
ing field (AF) demagnetisation was also performed in some
cases. The NRM was measured using a 2G Enterprises DC-
SQUID cryogenic magnetometer or occasionally using an
AGICO JRS spinner magnetometer.

NRM directions were analysed and interpreted with Zi-
jderveld diagrams (Zijderveld, 1967). Principal component
analysis (Kirschvink, 1980) was used to determine the di-
rections of the various NRM components. No directions
with a maximum angular deviation (MAD) greater than 10°
were used.
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Fig. 2. Representative Zijderveld plots from samples from the same units as measured in the palaeointensity experiments. Filled (unfilled) points
represent the horizontal (vertical) component. Numbers represent the temperature (in degrees Celsius) of the thermal demagnetisation treatment. The

intensity of the untreated NRM is also given.

A modified horizontal translation Curie balance that ap-
plies a cyclic field (Mullender et al., 1993) was used
to ascertain the magnetomineralogy of samples and their
propensity to alter in the palaeointensity experiments.
Small amounts of material (60 to 120 mg) were crushed
to a coarse powder and subjected to a number of heating-
cooling cycles during which the magnetic field fluctuated
between 150 and 300 mT. The total magnetic moment of
the samples was measured every 10 seconds. Samples were
first heated to 450°C, maintained at the set point for 10 min-
utes and cooled down to 350°C. The cycle was repeated for
480, 510, 540 and 570°C, each time leaving the sample for
10 minutes at the set point and subsequently cooled down to
100°C less. A final heating step to 600°C was carried out,
after which the sample was cooled down to room tempera-
ture.

The palaeointensity experiments themselves were un-
dertaken at Scripps Institution of Oceanography in late
2003 and employed the IZZI variant (Tauxe and Staudi-
gel, 2004) of the Thelliers’ (1959) method incorporating
PTRM checks for alteration and pTRM tail checks for MD
behaviour (Riisager and Riisager, 2001). The intensity of
the laboratory field applied in the experiments was 20 uT
and this was directed along the z axis of the samples. Nine-
teen temperature steps were chosen between 250 and 575°C
and above 520°C, these were separated by just 5°C. The re-
sults of the palaeointensity experiments were analysed us-
ing Arai plots (Nagata et al., 1963) and parameters devel-
oped by Coe et al. (1978) and Selkin and Tauxe (2000).

4. Results
4.1 Palaeodirectional and rock magnetic results

Detailed descriptions of the extensive measurements of
palaeomagnetic directions made using rocks from the Nul-
lagine and Mount Jope Supersequences are given elsewhere
(Strik et al., 2003; Strik, 2004). Here, we present results
only from the subsection of sites which were studied for
palaeointensity purposes. Samples from these tended to be
dominated by their characteristic components of remanence
(ChRM) which was generally isolated above 350°C (Fig. 2).
Unlike samples from some other sites from this area (Strik
et al., 2003; Strik, 2004), they did not display strong and
well-developed low and medium temperature components.
Table 1 summarises the relevant directional data and indi-
cates that, with one exception (GSP77), within-site con-
sistency of directions was high. All of the units sampled
in Package 2 and several sampled in Package 7 were re-
versely magnetised with respect to the other units in the
studied sequence. Their ChRMs passed the reversal test
(Strik et al., 2003; Strik, 2004) suggesting that they were
primary components of remanence and that secular varia-
tion was averaged. Furthermore, a fold test was passed in
the Nullagine Supersequence units predating those studied
here (Strik, 2004).

The remanent magnetisation of all basaltic rocks from
the Pilbara region is, on average, several orders of magni-
tude weaker than that of most basalts of Phanerozoic age.
Very low remanence intensities were also found in pristine
basalts of the Kaapvaal craton (Strik et al., 2007) and most
likely reflect a different bulk chemistry of basalts formed



A.J. BIGGIN et al.: GEOMAGNETIC INTENSITY IN THE LATE ARCHAEAN

5000

oy SO 7000 5000.
£
< 6000
@ 4000 4000
=) 5000
€, 3000 4000 3000 \
[}
= 3000
© 2000 2000
3 2000
k= GSP21.5 GSP29.4 GSP63.6
1000 1000 000
] 00 200 900 400 500 600 0 100 200 300 400 500 600 0 100 200 300 400 500 600
6000 6000
o~
£ 10000
< 5000 5000
< 8000
2 4000 4000 \
c "
& 3000 3000 6000
=
T 2000 2000 4000
2 GSP69A.2 GSP76.1 GSP77.1
1000 1000 2000
0 100 200 300 400 500 600 0 100 200 300 400 500 600 0 100 200 300 400 500 600
W I
:C; 10000 10000 '
o 5000 \
© 8000 8000 !
b 1]
c 4000
2 6000 6000 r
E .
£ 4000 4000 2000
= GSP78.3 GSP78.11 GSP78.11
P ey ey 2000 TR TR S s 2
0 100 200 300 400 500 600 0 100 200 300 400 500 600 T T T T T T
400 500 600
7000 3000 200
o~
E 5000
< 6000
P H00 pan )
o
- 4000
c
o
< 3000 1000
S 2000
E GSP158.1 GSP179.2 u9o1.1
0 100 200 300 400 500 600 "0 100 300 400 500 60O 100 200 400 500 600

Temperature (°C)

Temperature (°C)

Temperature (°C)

Fig. 3. Diagrams of total magnetisation versus temperature of selected samples measured on the Curie balance. Arrows indicate heating and cooling
curves. Note that set point temperatures were maintained for 10 minutes and in some cases, this led to a progression of alteration.

at this time. These low intensities allowed the paramag-
netic component to feature strongly in the thermomagnetic
curves measured from these samples (Fig. 3). To isolate
the ferromagnetic behaviour, the paramagnetic moment was
subtracted from the total magnetic moment. To do this, first
the specific (mass dependent) paramagnetic and diamag-
netic susceptibilities were determined, using least square
fitting. The susceptibility is proportional to the inverse of
the temperature, according to the Curie-Weiss law. The to-
tal paramagnetic moment is calculated by multiplying the
specific paramagnetic susceptibility by the applied field.
Subsequently, the result is subtracted from the total mag-
netic moment, which gives the total ferromagnetic (sensu
lato) moment. The resulting plots are shown in Fig. 4 and
show alteration much more clearly than those displaying
the total magnetisation. This alteration frequently takes the
form of an enhanced ferromagnetic moment on the cooling
curve which potentially reflects the formation of new mag-
netite grains from clay minerals in the groundmass of the
samples (Cottrell and Tarduno, 2000). However, we point
out that this process was limited in absolute terms: the ther-
momagnetic curves remained dominantly paramagnetic and
the samples were not visibly weathered (Section 2).

The thermomagnetic curves shown in Fig. 4 display

Curie temperatures close to that of pure magnetite (580°C)
which is consistent with the unblocking temperature spectra
observed in the directional experiments. Ti-poor titanomag-
netite is the most common ferrimagnetic mineral in sub-
aerial basalts where it is generally produced by deuteric ox-
idation of a primary Ti-rich phase. Its presence in these
samples, when taken together with the demonstrably pri-
mary nature of their directions of remanence, implies that
their permanent magnetisation may well be a thermorema-
nent magnetisation (TRM) as required for accurate absolute
palaeointensity measurements.

4.2 Palaeointensity results

Based on the outcome of the Curie balance mea-
surements, Package 7 sites GSP77-79 were chosen for
palaeointensity determination, as samples from these sites
show the least alteration. Samples of Package 1 sites
GSP61-63, 65 and 66 sometimes showed alteration starting
at 480°C, but were chosen as the next best target. Package 2
samples from site GSP91 showed clear alteration, but were
included to test the preselection method.

A total of 54 samples were measured in the palaeointen-
sity experiment but these were all strongly affected by al-
teration beginning around 500°C which, in most cases, dra-
matically increased the capacity of the sample to acquire
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Fig. 4. Diagrams of the total ferrimagnetic moment versus temperature of selected samples calculated from Curie balance measurements. Arrows

indicate heating and cooling curves.

magnetisation. This was readily apparent from the highly
concave shape of the Arai plots and/or the failing pTRM
checks (left column of Fig. 5).

Many of the samples we measured had only very small
overprints but despite this, their unblocking temperature
spectra were generally such that the primary magnetisa-
tion was barely reached before the occurrence of alteration.
In the case of a few samples, it was possible to obtain
palaeointensity estimates which had low technical quality
(low quality and fraction parameters—see Coe et al., 1978)
and which may have still been affected by incipient alter-
ation. However, instead of using these potentially biased
measurements we decided to attempt to correct for the al-
teration in all samples using the basic method outlined by
Valet et al. (1996) and McClelland and Briden (1996).

This alteration correction works by shifting points on the
Arai plot along the TRM axis (the abscissa) according to the
cumulative net discrepancy observed in the pTRM checks
up to that point. Only points on an Arai plot which have
an associated pTRM check may be corrected for the effects
of alteration. In this experiment, pTRM checks were only
made after every alternate temperature step which implied
that only half the points on the Arai plot could be used
to produce the palaeointensity estimate. Fortunately, the
original experiments were rather intensive which meant that

there were still sufficient numbers of points remaining with
which to obtain the estimate. Also, because each pTRM
check was performed to the temperature of the double-
heating step at which the previous pTRM check was made,
all the information required to reliably make the alteration
correction was, in principle (see below), available.

One requirement for the alteration correction method
to work properly is that the samples strictly obey Thel-
lier’s (1938) laws of thermoremanence. This is because, in
palaeointensity experiments where samples do not behave
in a strictly single-domain manner with respect to pTRM
acquistion, pTRM checks can fail despite the absence of
any alteration (Biggin and Thomas, 2003b). To ensure this
was not the case here, we analysed the results of the pTRM
tail checks and used the strict criteria outlined for ‘Class
A’ results by Leonhardt et al. (2004) to exclude any sam-
ples which may be subject to MD behaviour. Leonhardt et
al. estimate the magnitude of the imparted pTRM tail using
a parameter called +* which takes the intensity and direc-
tion of the applied field relative to the NRM into account.
This is required to be less than 3% of the full pTRM; they
also calculate the relative difference between the measure-
ment made after a standard demagnetisation step and that
made after a pTRM tail check step at the same temperature
(6(T R)) and require this to be less than 10%.
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(a) Samples failing due to clear zigzagging behaviour
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Fig. 5. Examples of rejected (a, b) and accepted (c, d) palaeointensity measurements. Arai plots before (left) and after (right) correction for alteration
are given and the associated Zijdeveld plots are shown in the centre (filled points—horizontal component, unfilled points—vertical component).

Another requirement for the correction method to work
properly is that the alteration which does occur dur-
ing the experiment affects only remanence carriers with
(un)blocking temperatures below that of the temperature to
which the pTRM checks are made. For example, in order to
use a pTRM check made between 500°C and 20°C to cor-
rect a point on the Arai plot associated with a temperature
higher than 500°C (say 520°C), it is necessary that all the
alteration that which had taken place before the check was
measured had affected only remanence carriers with block-

ing temperatures less than 500°C. The pTRM tail check cri-
teria discussed above provide some protection against this
problem: in addition to indicating non-SD remanence, they
can also detect chemical remanent magnetisation (CRM)
imparted to new remanence carriers with blocking tempera-
tures above the temperature of the check. A further (highly
sensitive) check was also made by examining the complete
Arai plots (and Zijdeveld plots) for signs of zigzagging.
Those points which were produced by IZ double heating
steps (in which the remagnetisation were performed before
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(c) Samples passing criteria but displaying some zigzagging behaviour
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Fig. 5. (continued).

the demagnetisation; Tauxe and Staudigel, 2004) are ex-
pected to be far more affected by the imparting of CRM than
points produced by ZI points. Consequently, even though
the palaeointensity estimates were based on regression lines
fit only to the ZI points on the Arai plots (because these
were the only ones with pTRM and pTRM tail checks asso-
ciated with them), both the ZI and the IZ points were used
to ascertain the reliability of the estimate. Examples of Arai

plots before and after correction for alteration, together with
their associated Zijderveld plots are shown in Fig. 5.

A typical criterion in many palaeointensity studies is that
the points on the Arai plot which are used to fit the regres-
sion line are sufficiently linear so that the standard error
of the slope of the line divided by the slope itself (a ra-
tio referred to as B) is 0.1 or less. The Arai plots of ap-
proximately half of the measured samples displayed much
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Table 2. Summary of alteration-corrected palaeointensity estimates which passed selection criteria described in the text (§(¢*) < 3.0; (T R) < 10.0;
B < 0.035) The site-mean palaeointensity determinations (Banc) and corresponding virtual dipole moments (VDM) are given with their standard
deviation. N is the number of consecutive points used to fit the regression line between Tpnin and Tiax. For explanation of the f (fraction), g (gap)
and ¢ (quality) factors, see Coe et al. (1978) The maximum angular deviation (MAD) and difference angle (DANG) refer to the Zijderveld plots
(Selkin et al., 2000); §(¢*) and (T R) relate to the pTRM tail check and are described in the text. *These samples displayed significant (but not
severe) zigzagging in their precorrected Arai plots and/or Zijderveld plots (see Fig. 5(c) for examples) and are therefore less reliable. T This value of
8(¢*) was permitted to exceed the threshold (3.0) on account of the otherwise high technical quality of this estimate.

Sample | Tmin(°C) | Tmax(°C) | N B f g q MAD° | DANG® 5(t") 3(TR) Banc(1T) VDM (ZAm?)
GSP61.1b*| 350 550 7 | 0022 | 041 | 081 | 150 42 7 238 49 3?2
GSP61.2b"[ 530 560 4 | 0025 | 040 | 058 | 92 12 0.2 22 40 69 .
GSP61.3b | 450 560 7 | oot5 | 069 | 076 | 594 17 0.1 3.4 47 4 |10*24(60%) 64238
GSP61.4b* [ 450 560 6 | 0014 | 040 | 060 | 174 1.9 0.9 2.7 44 12
GSP77.30"| 500 550 5 | 0029 | 050 | 0.73 | 125 86 8.1 02 24 7 . »
GSP77.4b*| 350 540 6 | 0028 | 020 | 077 | 53 45 1.3 0.6 1.0 9
GSP78.3b' | 300 520 5 | 0016 | 047 | 058 | 17.0 2.7 08 28 29 34
GSP788b | 350 530 5 | o022 | 055 | 068 | 167 16 05 1.7 23 29 !
GSP78.10b| 350 530 5 | ooto | 059 | 069 | 396 1.0 0.6 2.1 29 o5 |S0%4(12%))  47£6
GSP78.11b] 450 530 4 | 0032 | 061 | 065 | 123 14 1.4 1.4 28 31
-« still in some doubt for two reasons. The first is that these
40 | - oeo till doubt for t The first is that th
351 o i P = 0.002 both comprise estimates from samples which display some
30 | i zigzagging in their precorrected Arai and/or Zijderveld plot
~ 25 | (see examples in Fig. 5(c)) which might indicate the occur-
'::; ! rence of CRM formation, a type of alteration which can-
g 20 1 | not be corrected for (although some zigzagging is expected
IR ER | in the Arai plots from the ‘correctable’ type of alteration
10 | i also). The second is that GSP61 displays a very high degree
| of within-site variation in the palaeointensity while GSP77
5 4 I
i yields too few estimates to gauge the within-site variation.
0 ' ' ' ' The site mean palaeointensity of lava GSP78 is based on
0 002 004 006 008 01 . S .
B four estimates which is insufficient to produce a truly re-
liable mean determination (Biggin et al., 2003); further-
) ) ) more, the alteration-correction employed to obtain these is
Fig. 6. Palaeointensity measurements made from samples from lava

GSP78 plotted against their associated B parameters (a measure of
corrected Arai plot nonlinearity—see text). The samples producing
less linear Arai plots gave lower results so consequently we applied
a criterion requiring B < 0.035 (shown as dashed line) to all of our
results. The R? value and the probability of no correlation are given.

improved linearity after the correction was applied so that
they would pass this criterion. The alteration correction
was especially effective when applied to results from the
flow GSP78 making ten of the eleven measured samples
produce linear Arai plots according to this criterion. How-
ever, there is a clear dependency of these palaeointensity
estimates on the associated value of 8 (Fig. 6) which sug-
gests that those with 8 values greater than 0.04 were biased
to low values by uncorrected alteration. This finding was
further supported by the observation that several of those
estimates with higher 8 values displayed some zigzagging
on the complete Arai and/or Zijderveld plot (e.g. Fig. 5(b)).

On this basis we decided to modify the criterion so that
it required S to be less than 0.035. Some 10 samples from
3 lavas passed this strict criterion (as well as the pTRM tail
check criteria described above) and the statistical details of
their palaeointensity estimates are provided in Table 2. It
was only necessary to apply formal selection criteria to the
parameters 8, 8(¢t*), and §(T R); other parameters associ-
ated with the estimates that satisfied these would already
satisfy most arbitrary criteria set by other studies. Despite
their good technical quality however, the reliability of the
mean determinations from the GSP61 and GSP77 lavas is

not universally accepted as reliable. Nonetheless, the high
degree of consistency between the estimates is encourag-
ing as is the low level of zigzagging in their precorrected
plots (e.g. Fig. 5(d)). We therefore use its virtual dipole
moment (VDM) estimate (which is 60% of today’s value)
in our analysis described in the next section and discuss its
reliability further in Section 6.

5. Long Term Trends in Geomagnetic Intensity
Since the Archaean

The TAGA absolute palaeointensity database has under-
gone numerous stages of updating (Tanaka and Kono, 1994;
Perrin and Shcherbakov, 1997; Perrin and Schnepp, 2004;
Tauxe and Yamazaki, 2007). We combined our single
new data point with others from the most recent version
(PINTO8) which is available for download from the first au-
thor’s homepage on: www.geo.uu.nl/forth

It is always necessary to filter any palaeointensity
database by applying quality criterion so as to remove the
measurements which are most likely to be biased. Our se-
lection criteria for the VDM/VADM determinations taken
from PINTOS were:

1. Produced using the Thellier method incorporating
pTRM checks—this method certainly does not guar-
antee that the determination is accurate (Biggin and
Thomas, 2003a, b) but it does reduce the likelihood
of it being biased by alteration. For this reason, mi-
crowave determinations were also retained.

2. A site mean determination produced from at least 3
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Fig. 7. Plots of V(A)DM versus age for (a) the entire 10-3200 Ma dataset and (b) the 10-301 Ma dataset. The GSP78 determination is shown as a star
and the tentative 3-stage model defined in the text is shown (mean =1 standard deviation) as grey boxes.
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Fig. 8.

Field intensity versus absolute magnetic latitude for the 10-301 Ma and the older dataset. Filled points are individual determinations,

unfilled triangles are averages from bins which each contained 30 determinations in (a) (19 in highest latitude bin) and 12 determinations in
(b). Error bars are 95% uncertainty bounds for the mean. The line indicates the field expected for a dipole with moment given by the total

averages—(10-301 Ma—59 ZAm?; 522-3200 Ma—46 ZAm?).

individual measurements.

. A standard deviation not greater than 25% of the
mean—note that we do not automatically accept
palaeointensity measurements with standard devia-
tions less than 5 T as do some studies (e.g. Granot et
al., 2007) because we argue that this is overly lenient
to determinations with a low mean.

To allow us to concentrate on long timescale variations in
the mean dipole moment we considered only determina-
tions with an age >10 Ma and which were not recorded as
being related to a reversal transition. Our resulting dataset

of 271 V(A)DM measurements is plotted against the asso-
ciated age determination in Fig. 7(a). There are very large
gaps in the record and the data are heavily concentrated in
the period 10-301 Ma. Figure 7(b) shows that this recent
period itself could be split into two sections: a poorly rep-
resented section of potentially lower dipole moment prior
to 150 Ma and a better represented section after this time.
However, since the focus of the present study is on very
long timescale variations in field intensity, we decided to
leave it intact. The 10-301 Ma period is likely to be suffi-
ciently long and well-represented to reasonably average out
both secular variation and any longer timescale variations
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Fig. 9. Histograms of virtual (axial) dipole moments measured in four different time periods and associated statistical parameters. Ngq and N, refer to
the the number of determinations and number of studies respectively. p is the mean VDM with 95% confidence limits and o is the standard deviation.
Prormal and Plognormal are the probabilities, as defined by the Jarque-Bera test, of the data having been drawn from a normal and a log-normal

distribution respectively.

forced by mantle convection. We tested this by assessing
the fit of the palaeointensity data in this time window to the
intensity-latitude relationship predicted by the dipole for-
mula (Fig. 8). With the exception of the high latitude data
(dominated by data from the Cretaceous Normal Super-
chron, Tarduno et al., 2002), the means of the binned data
fit this relationship extraordinarily well. This suggests that
our 10-301 Ma dataset is a reasonable first-order descrip-
tion of the time-averaged intensity of the field for this pe-
riod which is not strongly biased by over-representation of
extremes of either secular variation or mantle-forced vari-
ations (except at high latitudes). The mean intensity for
this period (5944 ZAm?) is some 22% higher than that
(4643 ZAm?) previously reported for a similar period 0.3—
300 Ma by Selkin and Tauxe (2000).

We wished to perform an equivalent analysis to that
undertaken by Biggin et al. (2008) using palaeointensity
data instead of palaeosecular variation data. We therefore
merged our single reliable VDM determination with others
from the period 2.44-2.80 Ga (Table 3). Overall, we have
just 13 determinations of the dipole moment from 6 studies
(5 independent recorders) to combine and compare against
the set of 241 data with ages in the range 10-301 Ma. In
this way, we compare the distribution of absolute palaeoin-
tensity determinations from two periods of time which are
each long enough to average out mantle-derived variations
and which are separated by a period of time likely to be suf-
ficiently long to have allowed significant inner core growth
(Labrosse et al., 2001).

Figure 9 shows that the 2446-2721 Ma VDM dataset
could represent a random sample from either a normal or
a lognormal distribution. The 10-301 Ma dataset on the

other-hand is much more likely lognormal though it has
similar parameters (mean and standard deviation) to those
of the 24462721 Ma dataset (Fig. 9(a)). The Kolmogorov-
Smirnov test (KS test, Selkin and Tauxe, 2000) was used
to provide a test for the two datasets having been drawn
from statistically-distinct distributions. The resulting P-
value was rather high (0.95), which indicates that their dis-
tributions are entirely indistinguishable.

A robust palaeointensity dataset should comprise data
from a sufficient number of independent studies to ensure
that it is not heavily biased by any single set of bad mea-
surements. We tested the stability of the 2446-2721 Ma
dataset in this respect by iteratively excluding all data from
each individual recorder while retaining data from the other
four. This had the effect of modifying the mean from its
overall value of 54 ZAm? to a minimum of 42 and a maxi-
mum of 71 ZAm?2. However, in both cases, the distribution
of the reduced 2446-2721 Ma dataset was still not statisti-
cally distinguishable from that of the 10-301 Ma dataset.

The 2446-2721 Ma dataset is far too small to be sure
of adequately representing the VDM distribution in this pe-
riod. Nonetheless, our comparison analysis does not pro-
vide evidence for a fundamental change in average poloidal
field intensity to match the change observed in directional
secular variation by Biggin et al. (2008). The essence of this
finding is similar to that reported by Dunlop and Yu (2004)
who observed that most of the Precambrian estimates they
defined as moderate-quality were within a range of not more
than 50% higher or lower than the Phanerozoic average.
However, it runs contrary to the findings of Macouin et al.
(2004) who claimed the palaeointensity database displayed
evidence for a long-term increase in the mean dipole mo-
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Table 3.
JrAlteration—corrected result.

Compilation of absolute palaeointensity data available for the period 2.45 to 2.80 Ga.

A.J. BIGGIN et al.: GEOMAGNETIC INTENSITY IN THE LATE ARCHAEAN

*Quoted uncertainties in this table are lo.

Age (Ma) Name N VDM (ZAm?)*| o/u Reference
2446 | Matachewan 4 12+2 18% Halls et al. (2004)
2446 | Matachewan 3 36+8 23% Halls et al. (2004)
2446 | Matachewan 3 16+2 10% Macouin et al. (2003)
2446 | Matachewan 5 32+8 25% Macouin et al. (2003)
2446 Matachewan 8 3917 18% Macouin et al. (2003)
2449 Karelia 3 59+6 10% Smirnov et al. (2003)
2449 Karelia 4 79+15 19% Smirnov et al. (2003)
2449 Karelia 4 90+ 14 15% Smirnov et al. (2003)
2449 Karelia 4 98 + 22 22% Smirnov et al. (2003)
2631 Slave 9 63+3 4% Yoshihara & Hamano (2000)
2631 Slave 6 90+3 3% Yoshihara & Hamano (2000)
2703 Stillwater 3 41+7 18% Selkin et al. (2000)
2721 Pilbara’ 3 4746 12% This study

ment. Part of the explanation for this disagreement is that
Macouin et al. (2004) did not apply our criteria 2 and 3 to
any of their data with ages >300 Ma. If we neglect these
criteria in our study then the mean of the 24462721 Ma
dataset falls by 30% which is potentially due to the inclu-
sion of less reliable data.

Another reason for the disagreement is the difference in
the choice of age bins which were used to make the com-
parisons. Macouin et al. (2004) compared data from the last
300 Myr with data in two time windows in the period 800—
3000 Ma. Published palaeointensity data with ages inter-
mediate between the two periods compared by the present
study (i.e. in the range 302-2445 Ma) give generally low
dipole moment measurements (Fig. 9(c)). The distribution
of these is distinct from that of the 10-301 Ma data at the
99% confidence level. Does this imply that mean poloidal
field intensity went down in the early Proterozoic and then
back up in the Phanerozoic? If so then the thermal evo-
lution of the core might provide an appealing explanation
for this behaviour (discussed in the next section). How-
ever, many more data are required to allow us to be con-
fident in this observation. In Fig. 9(d) we show the dis-
tribution of all data with ages greater than 301 Ma. This
is also distinct (with a significantly lower mean) from the
10-301 Ma distribution at the 95% confidence level which
could be taken to support a long term increase in dipole
moment from the Precambrian to the Phanerozoic. How-
ever, we are reluctant to claim even this based on the present
state of the database. Specifically, we argue that the fit of
a binned dataset to the dipole curve on a palaeointensity-
palaeolatitude plot provides a good test of whether it con-
tains a sufficiently large number of well-distributed deter-
minations to produce a mean that is free from biasing by
shorter timescale variations and random errors. Unfortu-
nately, while the 10-301 Ma dataset appears to pass this
test, the 522-3200 Ma dataset clearly fails it (Fig. 8(b))
which suggests that many more palaeointensity determina-
tions of Precambrian age are necessary to obtain a robust
mean for the period.

6. Discussion

We have performed detailed absolute palaeointensity ex-
periments on extrusive rocks of late Archaean age. The
samples faithfully record the direction of the palacomag-

netic field but, in spite of our pre-selection based on the
results from thermomagnetic analysis, the results of the
palaeointensity experiments were severely affected by al-
teration caused by the laboratory heating. Fortunately, an
established method of correction for this alteration was ex-
tremely successful at improving the technical quality of the
results. This correction is not without risk: alteration affect-
ing remanence carriers with blocking temperatures higher
than the temperature of the relevant pTRM check is not cor-
rected for and therefore may still bias the determination. We
guarded against this risk by applying strict selection crite-
ria with respect to the linearity of the corrected Arai plot
and the pTRM tail check discrepancies, and by looking for
zigzagging in the pre-corrected Arai and Zijderveld plots.
Even then, two of the three determinations may not be con-
sidered reliable, one (GSP61) on account of its poor inter-
nal consistency and another (GSP77) because it comprises
just two estimates and is derived from a lava flow which
gives poorly clustered directions of magnetisation (Table 1).
Nonetheless, the single determination we present as reliable
(GSP78) is badly needed; it increases the total number of
such determinations available for the late Archaecan—early
Proterozoic by 8%.

There are many potential factors which can bias a
palaeointensity determination and ensuring that a result is
unaffected by all of them can be far from trivial. The high
technical quality of the (corrected) results allows us to be
confident that the determination from lava GSP78 is un-
likely to be strongly biased by magnetomineralogical al-
teration or multidomain effects. The potential for bias-
ing caused by the remanence carriers undergoing chemical
changes below their Curie temperature during the original
cooling of the unit (and therefore retaining a chemical or
thermochemical remanence) is, as for many studies, not so
well constrained. The nature of such effects and the ex-
tent to which they occur is presently an area of active re-
search (Smirnov and Tarduno, 2005; Draeger et al., 2006;
Yamamoto, 2006). Here, we merely point out that the re-
sults of the rock magnetic analysis are consistent with the
units having acquired a purely thermal remanence.

A remaining source of bias is the difference between the
rates at which the samples were cooled through their block-
ing temperature in nature and in the laboratory. This effect
can be strong enough to impart some bias even to results
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from samples from subaerial lavas (Biggin et al., 2007).
Unfortunately, it is not possible to ascertain the magnitude
of this bias on the results presented here (although we point
out that it is unlikely to exceed a few tens of percent at
most). This is primarily because the grains recording the
remanence in these rocks are very unlikely to be in either
the pure non-interacting single domain or pure multidomain
state, and practically nothing is known about the cooling
rate effect for grains lying between those extremes (in the
flower, vortex, small multidomain, or interacting single do-
main states). Such grains are dominant in the vast majority
of subaerial lavas so future work is badly needed to con-
strain the effect of cooling rate on TRM intensity in these.

If recent estimates of CMB heat flux are correct (Lay et
al., 2006; van der Hilst et al., 2007), then for a period of at
least 1.7 billion years before the inner core formed (3.2 Ga
to 1.5 Ga, Tarduno et al., 2007), the geodynamo must have
been powered purely by thermal convection. The greater
retention of primordial heat in the core, potentially coupled
with higher heat production from short-lived radioisotopes
such as “°K (Buffett, 2003), may have driven thermal con-
vection harder in the very early history of the Earth. If this
was the case then it provides an appealing explanation for
the pattern of fall and then rise in mean geomagnetic inten-
sity which we tentatively propose based on the global dipole
moment record (Fig. 7(a)). Specifically, the field may have
been strong through the Archaean as the geodynamo was
driven by vigorous thermal convection, it may then have be-
came weaker as the thermal convection ebbed through the
Proterozoic, and finally, it may have become re-established
at higher values as compositional convection was initiated
by inner core nucleation at some point in the late Protero-
zoic or Phanerozoic.

The existence of a Proterozoic dipole low (or even a
Precambrian dipole low) remains far from certain given
the current sparse status of the palaeointensity database.
Figure 7 indicates numerous long periods throughout the
Earth’s history for which reliable palacointensity data are
sparse or entirely absent. The filling of these gaps by future
palaeointensity studies will undoubtedly play a major role
in elucidating the thermodynamic evolution of the core.

7. Conclusions

1. A previously published method of correcting for mag-
netomineralogical alteration induced in a Thellier-type
palaeointensity experiment was very effective at in-
creasing the technical quality of the measurements
made here from late Archaean basalts from Western
Australia. Nonetheless, we considered that the deter-
mination from just one single flow was reliable and
this gave a dipole moment estimate of ~60% of to-
day’s value.

2. An analysis of the PINT08 database showed that, for
the period 10-301 Ma, the number of data in every
palaeolatitude bin except > £60° was sufficient to av-
erage secular variation, mantle-forced variations, and
random errors so that their average palaeointensity fit
a dipole relationship extremely well. Data from earlier
periods are too sparse to satisfy this criterion which
reduces our confidence in the inferred mean geomag-

netic intensity during this time.

3. The caveat above notwithstanding, our analysis of the
PINTOS8 database has produced the intriguing sugges-
tion that field intensity was high in the Archaean-
earliest Proterozoic, low in the Proterozoic, and be-
came higher again some time between the late Pro-
terozoic and mid-Phanerozoic. If this pattern of dipole
moment behaviour is substantiated by the addition of
good quality data in the future, then it could indicate
an associated three-stage evolution of core dynamics.
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