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S U M M A R Y
Palaeointensity study of the Proterozoic–Archean volcanic rocks from the Kaapvaal Craton
South Africa) are reported. Palaeomagnetic study of this collection was performed earlier by
Olsson et al. Electron microscope observations, thermomagnetic and hysteresis measurements
indicate the presence of single-domain and pseudo-single-domain (SD-PSD) magnetite grains
as the main magnetic mineral. The samples demonstrated a very good stability to heating, the
electron micrograph observations revealed magnetite–ilmenite exsolution structure. Palaeoin-
tensity determinations were obtained by Coe-modified Thellier procedure. A total 58 samples
from 14 sites were studied but only seven samples from one site NL28 of the Early Proterozoic
age of 1.9 Ga passed palaeointensity selection criteria. Reliable palaeointensity determinations
were obtained by both Thellier and Wilson methods on 18 cubes (subsamples) from site NL28
yielding rather low mean virtual dipole moment (VDM) = (2.82 ± 0.12) ×1022 Am2 which
is in agreement with the suggestion of existence of the ‘Proterozoic dipole low period’.

Key words: Dynamo: theories and simulations; Magnetic mineralogy and petrology;
Palaeointensity; Rock and mineral magnetism.

1 I N T RO D U C T I O N

The age of the Earth’s inner core is being debated since the publica-
tion by Jacobs (1953). Yukutake (2000) and Labrosse et al. (2001)
suggested, on the basis of Earth cooling models, that the onset of
solid core formation occurred less than 2.5 Ga ago, and most likely
the age of the inner core is 1 ± 0.5 Ga. Altogether with it, Labrosse
et al. (2001) admitted that this age could be extended to 3 Ga if
radioactive decay in the core is powerful enough. As was suggested
by Stevenson et al. (1983), Hale (1987), Buffett et al. (1992) and
Glatzmaier & Roberts (1997), the formation of the solid core should
be accompanied by a notable increase in the intensity of the geo-
magnetic dipole moment due to the onset of chemical convection
in the core. One of the methods potentially capable to detect the nu-
cleation of the solid core is the observation of long-term variations
in the palaeointensity in the deep geological past.

However, recent studies predict a considerably less pronounced
increase of the dipole strength (Labrosse 2003; Aubert et al. 2009).
Turning to empirical observations, palaeointensity data compila-
tions for the Proterozoic and Archean also do not show a definite
sign marking the onset of the inner core nucleation (Yu & Dunlop
2002; Macouin et al. 2003; Shcherbakova et al. 2008). Indeed, if for
the Late and Middle Archean high virtual dipole moments (VDMs)
are reported (Yoshihara & Hamano 2000; Smirnov et al. 2003; Tar-
duno et al. 2007), the Proterozoic field is again characterized rather
low palaeointensities being in average only half of those reported
for the Archean eon.

The uncertainties in both theory and empirical data impede
the building of a convincing scenario for behaviour of Pro-
terozoic and Archean geomagnetic field. The main cause for
this failure is a great shortage of Precambrian palaeointen-
sity data as can be inferred from analysis of World palaeoin-
tensity databases (http://wwwbrk.adm.yar.ru/palmag/index_e.html
and http://earth.liv.ac.uk/pint/). Reputedly, many more data are
needed to make a substantial progress in this important problem
and the aim of this study is to improve the present database by ac-
quiring new palaeointensity result from Palaeoproterozoic dykes in
the Kaapvaal Craton (South Africa) of 1.9 Ga age.

2 PA L A E O I N T E N S I T Y A N D RO C K
M A G N E T I C I N V E S T I G AT I O N S

Results of age determinations and palaeomagnetic study of the col-
lection from the Bushveld Igneous Complex of the Kaapvaal Craton
from 27 dolerite dykes of the Palaeoproterozoic and Archean age
swarms were reported in details by Olsson et al. (2010) and Lubnina
et al. (2010). The palaeomagnetic directions have been calculated by
means of the thermal demagnetization. The characteristic remanent
magnetizations (ChRMs) were isolated over the temperature inter-
val 440–590 ◦C. Noteworthy that the intensities of the ChRMs cover
95 per cent of the total natural remanent magnetizations (NRMs).
The palaeopole separated in the 2.9 Ga SE-dykes, is close to the
palaeopoles, obtained by Wingate (1998) and Strik et al. (2007) for
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2 V. V. Shcherbakova et al.

Table 1. Results of the palaeointensity experiments.

Sample number Hlab, µT T1–T2 N Gap q f k σ (k) Hanc, µT 〈Hanc
∗〉, µT

(Thellier method) (Wilson method)

28-1-2 20 400–560 14 0.89 36.1 0.93 1.14 0.03 22.8 22.6
28-1r 20 510–560 11 0.84 48.2 0.83 0.85 0.01 16.9
28-2 20 500–550 5 0.72 36.2 0.94 0.75 0.01 15.0 21.6
28-2-1(jr6) 20 500–540 7 0.82 20.8 0.82 0.82 0.03 16.4
28-2-2 20 510–560 11 0.86 43.1 0.83 1.11 0.02 22.1
28-6 20 500–575 13 0.88 32.9 0.91 0.98 0.02 19.6 16.8
28-6r 20 500–550 9 0.82 32.8 0.89 0.90 0.02 17.9
28-7-2 20 300–550 11 0.85 27.9 0.92 0.90 0.03 18.0 18.4
28-7r 20 510–570 12 0.85 42.2 0.88 0.88 0.02 17.6
28-8 20 520–560 5 0.65 22.4 0.80 0.66 0.02 13.1 15.8
28-8-1(jr6) 20 500–550 9 0.83 38.2 0.82 0.63 0.01 12.6
28-8-2 20 500–560 11 0.87 32.8 0.86 1.00 0.02 20.0
28-8-4 20 500–555 10 0.86 36.8 0.89 0.71 0.02 14.3
28-9 20 400–535 9 0.83 34.0 0.76 0.87 0.02 17.5 16.2
28-9-2 20 515–555 9 0.85 32.2 0.80 0.82 0.02 16.5
28-10-2 20 550–580 7 0.72 16.0 0.92 0.95 0.04 19.0 18.0
28-10n 30 500–560 6 0.66 35.2 0.95 0.64 0.01 19.2
28-10 20 500–560 4 0.42 71.5 0.94 1.22 0.01 24.4
Mean Hanc for site 17.9 ± 3.2 18.5 ± 2.7

N is the number of successive data points in the interval (Tf1,Tf2) used for the calculation of Hanc.

2.78 Ga volcanics. The palaeopole calculated for some NE-trending
dykes of the Black Ridge swarm in the NE region is close to the 1.87
Ga pole of the Kaapvaal Craton obtained by Hanson et al. (2004).
Location of sites and summary of palaeomagnetic data are given in
the table 1 of the cited paper by Lubnina et al. (2010).

A part of the collection (58 samples from 14 different sites) was
transferred to the Geophysical Observatory ‘Borok’ of the Russian
Academy of Sciences for palaeointensity experiments. A detailed
description of the way how the Thellier palaeointensity experiments
were conducted is described by Shcherbakova et al. (2012). In short,
rock magnetic and palaeomagnetic measurements were carried out
on a few cubic sister specimens of 1 cm in edge length cut from
either drilled cores or hand samples. The Curie points, Tc, and the
thermal stability of magnetic minerals were estimated from thermo-
magnetic heating–cooling cycles to incrementally higher tempera-
tures Ti. These measurements were made with a Curie balance in
an external magnetic field B = 450 mT.

To estimate the magnetic hardness and mineralogy of samples,
measurements of magnetic susceptibility, hysteresis loop parame-
ters, such as coercive force Bc, remanent coercive force Bcr, satura-
tion magnetization Ms and remanent saturation magnetization, Mrs,
were performed. Then, the ratios Mrs/Ms and Bcr/Bc are plotted on
a Day plot (Day et al. 1977) to assess the domain structure (DS)
of the ferromagnetic grains in the sample. The DS was estimated
also by the thermomagnetic criterion by measuring the tail of a par-
tial thermoremanent magnetization (pTRM) surviving the thermal
demagnetization of the given pTRM as proposed by Shcherbakova
et al. (2000).

Palaeointensities were determined following the experimental
protocol of Coe’s modified Thellier–Thellier procedure (Coe 1967).
The experiment consists of a sequence of paired heatings in air to
a set of increasing temperature Ti, i = 1, . . . n. The first heating–
cooling step to Ti takes place in zero field, the second heating is
also performed in non-magnetic space following by cooling in the
laboratory field, Hlab, equal to 20 µT. Double heatings were carried
out in at least 15 steps up to 650◦, pTRM checks and susceptibility
measurements were performed after every second step. For each
sample, the Arai-Nagata and orthogonal plots (in sample’s coordi-

nates) were constructed from the Thellier–Coe procedure data to
evaluate Hanc and to control the fit interval for a palaeointensity
determination.

In order to improve the statistics, two to four sister cubes were
used from each sample. Part of the specimens were heated in an
electric furnace with a residual field <50 nT, while the remaining
specimens were subjected to the Thellier–Coe procedure in a full-
vector three-component vibrating sample magnetometer (3D-VSM)
constructed at the Geophysical Observatory ‘Borok’, Russia. The
sensitivity of the 3D-VSM is 10−8 Am2 and the maximum avail-
able external field is 0.2 mT. The rest specimens were heated in the
electric furnace and measured with the JR6 magnetometer (they are
marked by the label ‘jr6’ in Table 1). There is usually a good agree-
ment between the results of palaeointensity experiments obtained
for the sister cubes, but from different devices (Section ‘Discussion
and Conclusion’, Table 1).

In addition to the Thellier experiments, Wilson’s method (Wilson
1961) of palaeointensity determinations was also applied. Follow-
ing this procedure, thermal demagnetization curves NRM(T, Hanc)
and thermoremanent magnetization TRM(T, Hlab) are compared to
find the temperature interval, (Tw1, Tw2), (Tw1 < Tw2), where the
graph NRM(T) is similar to the graph TRM(T). To perform the
comparison, we introduced a fitting function TRM∗(T) with a help
of a multiplying coefficient kw defining TRM∗(T) = kw × TRM(T).
If such the interval (Tw1, Tw2) is found, Hanc

∗
can be obtained from

the coefficient of similarity, kw = NRM(T)/TRM(T) = Hanc
∗
/Hlab,

T ∈ (Tw1, Tw2). Noteworthy that the similarity of NRM(T) and
TRM(T) curves provides a strong argument in favour of thermore-
manent nature of the NRM. Examples of thermal demagnetization
curves are shown in Fig. 1 (column a2–d2).

Regretfully, reliable palaeointensity determinations were ob-
tained from only one site NL28 of 14 sites studied here. The age
of NL28 rocks is 1.9 Ga as follow to Olsson et al. (2010): ‘One
U–Pb baddeleyite age from NL28 gives an age of 1865 Ma (Olsson,
unpublished results), close to the general 1.90 Ga age attached to
the Black Hills dyke swarm (Olsson in Soderlund et al. 2010). As
the age of the dyke at site NL28 according to Olsson in Soderlund
et al. (2010) is 1.90 Ga, and as the primary origin of magnetization
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Palaeointensity of Kaapvaal Craton rocks 3

Figure 1. (a1–d1) Thermomagnetic curves Msi(T) where vertical lines indicate the maximum temperatures Ti for each temperature loop; (a2–d2) Wilson
technique. Continuous thermodemagnetization curves of NRM (full lines) and TRM acquired in Hlab = 20 µT (dot lines). Dashed line corresponds to the
curve TRM∗ = kw·TRM; (a3–d3) Representative examples of accepted palaeointensity results (Arai-Nagata plots); (a4–d4) Corresponding orthogonal plots in
a sample’s coordinates. Numbers of samples used in the diagrams are shown in (a1–d1).
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4 V. V. Shcherbakova et al.

Figure 2. Samples 28-2 and 28-8. Susceptibility values measured after each second step during the Thellier procedure.

in these dykes are supported by positive contact-, conglomerate-
(site NL12) and reversal tests, we conclude that the age of mag-
netization is 1.90 Ga.’ For this reason, we will consider in details
below the results obtained exclusively from this site. In all, we
experimented with seven drilled cores from this site.

All samples demonstrate very similar magnetic properties and
excellent stability to heating. To illustrate it, examples of the curves
Ms(Ti) representing heating–cooling cycles to incrementally higher
temperatures Ti are shown in Fig. 1 (column a1–d1). As is seen
from these curves, the samples are very stable to thermal treatment
and the Curie temperatures Tc of the samples indicate magnetite
as the only magnetic mineral presenting in the rocks. Indeed, from
the thermomagnetic curves Ms(T) (Figs 1a1–d1) and continuous
thermodemagnetization curves of NRM and TRM (Figs 1a2–d2)
it is seen that the Curie temperatures of the samples (determined
by the maximum of the first derivative Ms(T) as recommended by
Fabian et al. 2013) are around 560–570 ◦C. Note that the NRM(T)
curves decay almost there as well, at 560 ◦C.

A bit less stable to thermal treatment is the susceptibility which
starts to vary after heating up to 500 ◦C or higher. However, the rate
of these changes does not exceed 10 per cent (Fig. 2).

The values of the ratios Mrs/Ms = 0.15–0.21 and Bcr/Bc = 1.7–
1.83 (Fig. 3) are confined in rather narrow intervals suggesting a
good uniformity of the magnetic grains and the prevalence of fine
pseudo-single (PSD) magnetic grains.

The domination of SD-PSD grains as the carriers of NRM is
confirmed also by the results of application of the thermomagnetic
criteria. Fig. 4 displays thermomagnetic curves of three different
pTRMs imparted to the sample 28-01. As is exemplified in this
figure, the pTRM(560–500) ◦C always has a small tail less than
5 per cent indicating the predominance of SD–fine PSD grains with
blocking temperatures Tb > 500 ◦C. The two other pTRMs imparted
at temperatures less than 500 ◦C are by an order of value weaker than
the high temperature pTRM(560–500) ◦C and have considerable
tails by the intensity up to 20 per cent of the total pTRM favouring
PSD and MD DS of the grains carrying these pTRMs. Hence, the
pTRM(560–500) ◦C constitutes the bulk of the total NRM and this
observation is in full accordance with the Arai-Nagata plots (Fig. 1,
column a3–d3) from which we see that NRM of all samples remains
stable to the thermodemagnetization until the heating temperature
increases to about 500 ◦C. In addition to this, note that the high
values of the parameter f >0.8 in the Table 1 also give a stronger
line of support for a lack of MD bias (Biggin & Thomas 2003).

The suggestion of the SD-PSD nature of magnetite grains—
carriers of NRM—is supported also by direct electron microscopic

Figure 3. Day plot for the samples from the site N28.

observations. A typical example of electron micrograph taken on
the sample 28-8 is shown in Fig. 5. In Fig. 5(a), we see a set of thick
ilmenite lamellae (dark narrow bands) embedded in matrix which
is in turn exsolved on a fine submicron scale (Fig. 5b). Besides,
irregular black patterns of different sizes are present in these figures.
In order to learn the composition of black patterns and the matrix,
we undertook the energy dispersive spectrometry (EDS) analyses
(Fig. 6). The results of the analyses are shown in the Table 2.

As is seen from the Table 2, the black patterns represent Al-rich
spinel regions. Evidently, these regions are the result of exsolution of
primary Al-doped titanomagnetite into Al-rich and Al-poor regions.
Correspondingly, the matrix is the intergrowths of near-magnetite
cells and Ti-rich lamellae. Unfortunately, an exact measurement of
the Ti content in the Ti-rich phase was not possible because of the
diameter of the electron beam available in our measurements, is at
least 2 µm. Hence, the results of the analyses presented in Table 2
reflect the average composition over Ti-rich lamellae and Ti-poor
cells.

To find the content of these two phases, the X-ray powder diffrac-
tion (XRD) was performed (Fig. 7). This diffraction pattern clearly
indicates a presence of two phases: pure magnetite with a cell
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Palaeointensity of Kaapvaal Craton rocks 5

Figure 4. Application of the thermomagnetic criterion for sample 28-01. Full lines are the continuous thermodemagnetization curves of the pTRMs, dashed
lines are the cooling curves of the tails of the pTRMs, both heating of pTRMs and cooling of tails of pTRMs are performed in zero field. The arrows point the
direction of temperature change. The corresponding pTRMs are indicated in the diagrams.

Figure 5. SEM backscattering image of a ferrimagnetic grain from the sample 28-2. (a) A general view. (b) A high magnification image of a region shown
with the square in Fig. 5(a).

parameter of a = 8.398 Å and the rhombohedral ilmenite phase
with a = 5.0877 Å. The lines are well shaped with no evidence of
another spinel phase or significant line broadening. From here, it
follows that the matrix consists of fine magnetite cells intermixed
with hemoilmenite lamellae.

Noteworthy that this fine exsolution structure forms roughly rect-
angular array which is usually associated with the exsolution of ti-
tanomagnetite (TM) in magnetite-ulvospinel intergrowths. Hence,
the plausible scenario is that the rectangular ilmenite lamellae
were originally ulvospinel intergrowths, which later oxidized to
ilmenite. Like this, we see the structure of the ulvospinel inter-
growths, but their chemistry is now ilmenite. Another reason to
state that the lamellae intergrowths are not ulvospinel is that dur-
ing the subsequent heatings of samples up to 700◦ we see very
little changes on the strong field thermomagnetic curves shown
in Figs 1 (a1–d1). It means that there is no process of the ho-

mogenization of the exsolved grains which should take place in
the case of the magnetite–ulvospinel intergrowths (Price 1981).
(The result of the homogenization is obvious—notable decrease
of Tc.)

3 R E S U LT S , D I S C U S S I O N A N D
C O N C LU S I O N S

For palaeointensity determinations and analysis, the Arai-Nagata
diagrams and Zijderveld orthogonal plots in sample’s coordination
(Zijderveld 1967) were constructed from the results of each exper-
iment. The palaeointensity result for a sample was accepted only if
it satisfied the following selection criteria:

(1) Thermomagnetic curves Ms(T) show minor changes during
the subsequent heatings (Figs 1a1–d1).
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6 V. V. Shcherbakova et al.

Figure 6. SEM backscattering image of a ferrimagnetic grain from the
sample 28-8. The squares with numbers inside indicate the points where the
EDS analyses was performed.

Table 2. Results of energy dispersive spectrometry of
sample 28-8.

Point number O Al Si Ti Fe

1 56.16 21.73 0.51 6.03 15.57
2 59.35 9.98 5.26 3.08 22.33
3 55.68 1.31 0.00 8.18 34.84
4 47.52 7.95 0.00 8.25 6.28
5 53.84 2.90 0.00 7.75 35.52

(2) There exists a wide enough temperature interval over which
the curves NRM(T) and TRM(T) are similar (Figs 1a2–d2).

(3) The linear fit on the Arai-Nagata diagram over the temper-
ature interval (T1,T2) used for the palaeointensity determination
contains at least four consecutive data points (Figs 1a3–d3).

(4) The NRM vector is univectorial over (T1,T2).
(5) The fraction, f, of the NRM spanned by the linear fit is not

less than 20 per cent of the total NRM.
(6) The difference between the pTRM check and the pTRM ac-

quisition, normalized to the total NRM, must be less than 5 per
cent.

(7) The susceptibility remains constant, within 10 per cent, across
the temperature range, (T1,T2), used to determine the palaeointen-
sity.

(8) The difference ratio (DRAT) must be less than 10 per cent.

Examples of accepted determinations are shown in Fig. 1, col-
umn (a3–d3). The dashed line in each diagram is the linear fit to
the representative points of NRM versus pTRM over the tempera-
ture interval (T1, T2). All specimens show a sufficiently long linear
segment for reliable regression analysis. The difference ratio test
(Selkin & Tauxe 2000) showed that maximum DRAT for all sam-
ples in Table 1 varies between 3 and 7 per cent. It means that the
pTRM checks are very close to the original pTRM’s, which implies
that thermochemical alteration was absent during the palaeointen-
sity experiment.

Figure 7. X-ray diffraction spectrum versus the detector angle 2θ .

The reliability of the results was also assessed by the quality factor
q = kfg/σ of Coe et al. (1978). Here the gap factor, g, quantifies the
uniformity of the distribution of successive data points in the chosen
temperature interval, in the ideal case of equidistant points, g = (N
− 2)/(N − 1). The coefficient k = Hanc/Hlab is the absolute value of
the tangent of the linear fit to the Arai-Nagata (AN) diagram over
the temperature interval (T1, T2), the parameter σ is its standard
error of k. The quality factor, q = kfg/σ , is the measure of reliability
of the given palaeointensity determination. According to Coe et al.
(1978), reliable data should have the quality factor q ≥ 5 and we
see that for the samples listed in the Table 1 q lies in the interval
(16, 48) which by far exceeds this criterion.

For comparison, examples of rejected determinations are shown
in Fig. 8. The samples were taken from the sites NL14, NL20
and NL22 of the age 2.65 Ga (Lubnina et al. 2010; Olsson et al.
2010). Samples from rejected sites are often characterized by sig-
nificant paramagnetic contribution to the shape of strong field ther-
modemagnetization curves (Figs 8a1–c1). Typical Arai-Nagata di-
agrams of samples from these sites are displayed in Figs 8(a2–c2).
The diagrams in Figs 8(a2–c2) show a very sharp decay in low-
temperature range down to 300 or 500 ◦C depending on a sample
with a very flat section at high temperatures. At the same time,
the orthogonal plots are univectorial through the temperature in-
terval (200–550) ◦C as is seen in Figs 8(a3–c3). So, there is no
reason to choose any part of the diagrams for the palaeointensity
determination. Similar diagrams with steep slope at intermediate
temperatures were described by Kosterov & Prévot (1998), and
recently by Shcherbakova et al. (2013). An explanation for this
phenomenon suggests that ‘the anomalous behaviour results from
the reorganization of the DS of PSD grains during heating’ (Kos-
terov & Prévot 1998). This explanation can be applied for samples
22-03 and 20-04, which are stable to the thermal treatment (Figs
8b1–c1) and show a reasonably linear Arai-Nagata plots constructed
for the laboratory TRM imparted after the end of the Thellier ex-
periment with the NRM (as exemplified in inset to Fig. 8c2). For
the sample 14-01, the situation is more complex as the behaviour
of the strong field thermomagnetic curves (Fig. 8a1 with the inset)
points to extinction of the low-temperature phase during the heating.
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Palaeointensity of Kaapvaal Craton rocks 7

Figure 8. (a1–c1) Thermomagnetic curves Msi(T) where vertical lines indicate the maximum temperatures Ti for each temperature loop; (a2–c2) Representative
examples of rejected palaeointensity results (Arai-Nagata plots); (a3–c3) Corresponding orthogonal plots in a sample’s coordinates. Numbers of samples used
in the diagrams are shown in (a1–c1). Inset in (a1) shows the thermomagnetic curve Ms(T) after heating to 700 ◦C. Inset in (c2) shows the Arai-Nagata plot
for the laboratory TRM created after the Thelleier experiment with NRM was executed.

In any case, up to now there is no a reasonable physical explanation
for appearance of such kind of Arai-Nagata plots with so steep slope
at intermediate temperatures, besides, the physical nature of NRM
leading to such diagrams, is also not clear.

A main concern in establishing the thermoremanent nature of
TRM is whether the solvus temperature of titanomagnetite occurs

above or below the Curie temperature of exsolved titanomagnetite
grains (Smirnov & Tarduno 2005). According to Price 1981, Ts

can be less than 500◦ but other published data give considerably
higher consolute (peak solvus) temperatures. Namely, Ts = 650◦

at TM content (Fe3O4)35(Fe2TiO4)65 (Rumble 1970); Ts = 565◦ at
TM content (Fe3O4)55(Fe2TiO4)45 (Lindsley 1981); Ts = 600◦ at
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8 V. V. Shcherbakova et al.

TM content (Fe3O4)58(Fe2TiO4)42 (Kawai 1956), Ts = 600◦ at TM
content (Fe3O4)63(Fe2TiO4)37 (Vincent 1957; Basta 1960).

From the cited data, one cannot draw a definite conclusion on
the question whether or not the exsolution occurs above or below
the Curie temperature of exsolved titanomagnetite grains, rather
it looks like the exsolution can happen by both way depending
on the actual situation. However, remind that the ferromagnetic
grains in our study contain a notable amount of Al and other mi-
nor elements. However, Al-bearing titanomagnetites are reported
to have higher Ts than that of the pure TM (Turnock & Eugster
1962; Petrochilos 2010). This observation promotes acquisition of
TRM (not TCRM - thermochemical remanent magnetization) of the
exsolved magnetite-rich phase in our case.

Other reasons in favour of a TRM origin for the NRM of
the samples studied here are provided by the strong similarity of
the NRM–TRM plots and the exceptional quality and linearity
of the Arai-Nagata plots. The property of linearity is essential
for the ‘true’ Arai-Nagata plots when the NRM is indeed of the
thermoremanent origin. However, the existence of this property is
under serious doubts when the TCRM is considered. To support
this, remind that the only developed theoretical scheme for TCRM
acquisition is the grain growth mechanism of acquisition of the
TCRM (Kobayashi 1962) which predicts for non-interacting SD
grains the ratio TCRM/TRM = HK(Tb)/HK(TTCRM) < 1 (Stacey &
Banerjee 1974), where TTCRM is the temperature of the TCRM ac-
quisition, and HK is the coercive force of a grain. According to this
relationship, Arai-Nagata plot of (TCRM versus laboratory TRM)
should have downward curvature which is not at all seen in the plots
(a3–d3) in Fig. 1.

Despite these arguments, one cannot completely rule out the pos-
sibility that NRMs in our collection rocks are yet TCRMs. Indeed,
if TRM and TCRM have similar blocking temperature spectrum,
they will be undistinguishable from the point of view of Thellier
and Wilson experiments. However, if so, one has to admit that the
well-known model of acquisition of TCRM by Kobayashi (1962),
is wrong and for some unknown reasons TRM and TCRM have
completely similar (or almost similar) blocking temperature spec-
trum. A comprehensive answer to this question can be received
only after extensive experimental and theoretical studies of possible
mechanisms of the TCRM acquisition will be done.

Reliable palaeointensity determinations were obtained by Thel-
lier and Wilson methods on 18 sister cubes from seven samples
yielding palaeofields Hanc lying in the interval 13–25 µT (Table 1)
from the site NL28. The last line of the Table 1 presents the mean
site values of Hanc obtained by these methods.

In accordance with the strong thermostability of NRMs of the
samples sampled from the site NL28, demonstrated in the previous
section, the positions of checkpoints on the Arai-Nagata diagrams
are found to be very close to the initial pTRM values (Fig. 1, column
a3–d3).

Two slopes can be distinguished in the Arai-Nagata diagrams in
temperature intervals (Tr, 510) ◦C and (510, 560) ◦C, correspond-
ingly (Fig. 1, a3–d3). Note that they are not equivalent in the sense
of intensity of NRM: the low-temperature part is much smaller.
The same two components are seen also in the orthogonal plots
(Fig. 1, a4–d4). Noteworthy the low-temperature component is as-
sociated with multidomain pTRM tails behaviour as is revealed by
the thermomagnetic criteria. Indeed, the two pTRMs imparted at
temperatures below 500 ◦C are very weak in intensity and have
considerable tails (Figs 4a and b) indicating the PSD and MD DS
of the grains carrying of these pTRMs (Shcherbakova et al. 2000).
A similar situation was observed by Carvallo et al. (2003).

Figure 9. Summary of the Precambrian VDMs from this study and from
published sources obtained by the Thellier method and selected by the
criteria by Perrin & Shcherbakov (1997).

Using now the known average inclination I = −67.6◦ for the
NL28 site (Lubnina et al. 2010) and the mean site Thellier palaeoin-
tensity Hans = 17.9 µT (Table 1), it yields the mean VDM ± standard
error of the mean = (2.82 ± 0.12) × 1022 Am2. This value is in
a good agreement with the results of the Wilson’s method which
produced practically the same mean VDM.

Fig. 9 displays the Archaean/Proterozoic palaeointensity
data presented in the World palaeointensity databases
(http://wwwbrk.adm.yar.ru/palmag/index_e.html and http://earth.
liv.ac.uk/pint/). The data are selected according to the criteria
of reliability formulated by Perrin & Shcherbakov (1997): only
Thellier-type determinations are considered; at least three samples
are used for the VDM calculation; the standard error of site
averaging of Hanc should not exceed 15 per cent (the criterion
of internal consistency). At all, 59 Thellier-type palaeointensity
determinations were found to pass these selection criteria for
the Archaean/Proterozoic rocks. As is seen in the Fig. 9, the
Achaean data display rather higher VDM values with the mean
VDM = 6 × 1022 Am2, comparable to those of observed in the
Cenozoic. On contrary, the Proterozoic VDMs, with the exception
of the data reported by Thomas (1993), Thomas & Piper (1995)
and Smirnov et al. (2003), are considerably less than the most of
the Cenozoic VDM values giving the mean VDM only 3.2 × 1022

Am2.
The distributions of VDMs for the Late/Middle Archean and Pro-

terozoic are presented in the histograms in Figs 10(a) and (b). As
is seen, the histograms in Fig. 10 demonstrate a pronounced non-
monotonic and rugged shape, which probably indicates that the data
are too scarce and the statistics made after them is insufficient. Still,
the mean VDMs over the Proterozoic and Late/Middle Archean,
equal to (3.2 ± 0.45) × 1022 Am2 and (6.02 ± 0.38) × 1022 Am2,
correspondingly, differ too much to ignore the difference as the
triple sum of the standard errors exceeds the difference between the
means. The observation that low field prevailed during the Protero-
zoic, while it was high in the Late/Middle Archean, was already
emphasized by Macouin et al. (2004), Shcherbakova et al. (2008)
and Biggin et al. (2009). Because of the average geomagnetic field
strength seems to be high again in the most of the Phanerozoic,
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Figure 10. Histograms of VDMs. (a) Meso- and Neo- Archean data; (b) Proterozoic data.

Biggin et al. (2009) hypothesized the existence of a special ‘Pro-
terozoic dipole low period’ in analogy with the long existing hy-
pothesize of the ‘Mesozoic dipole low’ suggested by Prevot et al.
(1990). In this line, our data provide another confirmation of low
field domination in the Early Proterozoic.

In support of this idea, Biggin et al. (2009) proposed a related
three-stage evolution in core dynamics with vigorous thermal con-
vection in the Archean, weak thermal convection in the Proterozoic
and strong compositional convection after the inner core nucleated.

A principle possibility of such the scenario when the field strength
gradually decreases from the Archean through the Early Proterozoic
and increases again after the inner core nucleation was demonstrated
recently by Aubert et al. (2009), who analysed the palaeoevolution
of the geodynamo by combining core thermodynamics with scaling
analysis of numerical dynamo simulations. To consider the problem
in very general terms, the authors introduced high and low-power
scenarios for the Earth cooling evolution in the geological past. As
occurred, the evolution of intensity of the dipole moment with time
shows different trends for these end-members scenarios (see fig. 11b
from Aubert et al. 2009). For the high-power case, the field intensity
increases slowly from the onset of dynamo action till the present
time. The nucleation of the inner core in this case starts rather
late, at ≈0.8 Ga but this event has little effect on the geomagnetic
field intensity. Probability of this kind of scenario was recently
supported by Pozzo et al. (2012). For the low-power scenario, the
model predicts the decrease of the dipole moment until the Middle
Proterozoic where the inner core nucleates at about 1.8 Ga and
the field starts to increase for a while. However, later, in the Middle
Proterozoic, the field intensity returns to the decreasing trend again.

Certainly, the real cooling process can considerably differ from
these scenarios being a combination of them. Nevertheless, from
the available Precambrian palaeointensity records, where the rel-
atively high Archean field gives way to the low Proterozoic field,
the preference should be given rather to the low-power scenario, at
least, on the early stage of the geological history. Regretfully, both
end-member cooling scenarios predict a relatively weak increase

in the palaeointensity as a result of the Earth’s inner core growth
(Aubert et al. 2009). If so, it leaves little hope to detect a possible
signature associated with the onset of the inner core crystallization
from the available scarce and scattering palaeomagnetic data until
new numerous reliable determinations of the Precambrian field will
be obtained.
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